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ABSTRACT
The induced proton polarization, Pn, was measured with the newly commis­
sioned Recoil-Proton Focal Plane Polarimeter (FPP) at the MIT-Bates Linear Ac­
celerator Laboratory. Using the 12C(e, e' p ) reaction, the measurement was per- 
formed in quasifree kinematics at a Q2 o f 0.48 (GeV/c) . A recoil-momentum range 
of 0 -  250 MeV/c was sampled. The induced polarization, which vanishes in the 
Plane Whve Impulse Approximation, is sensitive to the absorptive part o f the central 
optical-potential as well as explicit spin dependent terms, especially those due to 
spin-orbit interactions. Theoretical analysis indicates that this observable is primar­
ily sensitive to final state interactions. For the experiment, the final state interactions 
are modeled with optical potentials in the context o f the Distorted >Ahve Bom Ap­
proximation. The results for the p3 / 2  shell are in good agreement with calculations 
of J.J. Kelly. The S1 /2  shell data indicates a possible deviation from the one-body 
calculation, however, the continuum contribution is large, positive and difficult to 
subtract out.
xix
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Chapter 1 
Introduction and Motivation
Understanding matter at a fundamental level is a basic goal of physics research. In pursuit 
of this goal, physicists explore the properties and dynamics of matter in a wide range 
of laboratory and natural environments. A fascinating array of discoveries have resulted 
from this ongoing exploration. These discoveries often translate into practical and useful 
applications for science and society in general. Often these applications are unforeseen 
and sometimes even tragic. When Volta made the first battery, he could not have foreseen 
the vast numbers of electronic devices that are in use today. Similarly, Einstein could not 
have known of the many deaths that would indirectly result from his brilliant theory of the 
equivalency of energy and mass. Although there may be future benefits, most physicists 
are driven by a fascination with the world around them and a desire to understand and 
explore new phenomena.
Most of the visible matter in the universe is composed o f atoms. The Greek word 
atomos means indivisible and for many years physicists thought that was indeed a true
2
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characterization of its nature. The discovery of electrons and protons brought down that 
idea. Rutherford’s famous experiment o f using alpha particles to probe the gold atom 
showed that most of the mass o f the atom was concentrated in a very small, positively 
charged piece which was dubbed the nucleus. Since that precedent-setting experiment 
many experiments have been performed to understand the nature of the nucleus and the 
forces that bind it together.
In the 1970’s a new paradigm shift was forced upon physicists when the nucleons them­
selves were discovered to be composed of quarks. Since that time, probing the nucleus 
with accelerated electrons has yielded many interesting insights into the electromagnetic 
properties of the nucleon and nuclei. In particular, it has revealed the spatial distribution 
of the charges and currents within the nucleon. This has helped to confirm the validity 
of the Standard Model which describes the world o f the quarks and the forces with which 
they interact. With the advent o f newer accelerators that probe smaller distances with bet­
ter resolution, more and more ingredients of the reaction mechanism of the nucleus and 
nucleon become disentangled and understood. Detailed knowledge and understanding of 
reaction mechanisms such as Meson Exchange Currents (MEC), Final State Interactions 
(FSI) and Isobar Configurations (IC) are essential to understanding the interplay of the 
four forces and the fundamental particles of the Standard Model. Recently, the availabil­
ity o f polarized targets and polarimeters have made spin degrees of freedom available for 
study at electron accelerators to further clarify the situation.
A series of experiments utilizing spin degrees of freedom were recently performed us­
ing the newly commissioned Bates Recoil Proton Focal Plane Polarimeter (FPP). These
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experiments included measurements from hydrogen, deuterium, and carbon over a wide 
kinematical range. The full set of experiments provides a thorough first look at the role of 
spin degrees of freedom in reaction mechanisms. More information on the other experi­
ments can be found in the theses of the other graduate students involved in the project1. 
This thesis relates the details o f the experiment performed on carbon. The experiment 
involved quasielastic electron scattering in the 1 2C(e, e p) reaction. It was performed 
during February and March of 1995 at the M.I.T.-Bates Linear Accelerator Center in Mid­
dleton, MA. In the experiment, the scattered electron was detected in coincidence with the 
knocked-out proton. The FPP then measured the induced polarization of the knocked-out 
proton. The measurement was performed at a momentum transfer o f q =  765 MeV/c 
and proton kinetic energy o f265 MeV
Previous experiments at Bates have shown that the l2C(e, e'p) cross section cannot 
be fully explained by interactions with single nucleons2. This experiment continues the 
exploration of the carbon nucleus to include spin effects to further constrain models of the 
reaction. The induced polarization (P„) provides sensitivity to Final State Interactions, 
because it vanishes in the Plane V&ve Impulse Approximation (PWIA) and could shed
1 D.H. Barkhuff, Ph.D. Thesis, University of Virginia (1996), unpublished;
K. Joo, Ph.D. MIT Thesis (1996), unpublished;
C. Mertz, Ph.D. Thesis, Arizona State University (1996), unpublished;
J.I. Mcintyre, Ph.D. Thesis, College of William and Mary (1996), unpublished;
B.D. Milbrath, Ph.D. Thesis, University of Virginia (1996), unpublished;
C. \611idas, Ph.D. University of Athens (1996), unpublished;
G.A. Whrren, Ph.D. Thesis, MIT (1996), unpublished.
2 R.W Lourie, Phys. Rev. Lett., 56 (1986), 2364;
RE. Ulmer; Phys. Rev. Lett., 59 (1987), 2259;
H. Baghaei, Phys. Rev. Lett., C39 (1989), 177;
L.B. Einstein, Phys. Rev. Lett., 64 (1990), 1646;
J. Morrison, Ph.D. Thesis, MIT (1993), unpublished;
S. Penn, Ph.D. Thesis, MTT (1993), unpublished;
M. Holtrop, Ph.D. Thesis, MIT (1993), unpublished.
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light on the reaction mechanisms that give rise to induced polarizations, two or more body 
continuum effects, and QCD effects such as color transparency.
The balance of this chapter provides a brief review of electron scattering principles and 
results. More in-depth discussion of the formalism and theory in recoil polarization exper­
iments will be provided in Chapter 2. Chapter 3 will discuss details of the experimental 
setup. Chapter 4 is devoted to an explanation of the data analysis. Finally, in Chapter 5, 
the results will be compared to theoretical calculations; also, implications and possible 
future work in this area will be discussed.
1.1 Features of Electron Scattering
Electron scattering provides a very useful tool to explore the nucleus. In a typical electron 
scattering experiment, an accelerator propels a beam of electrons to a known energy. The 
beam is then projected onto a target of interest, such as carbon or hydrogen. Spectrometers 
are then used to detect scattered particles at a particular momentum and angle. A single­
arm experiment uses a single spectrometer to detect the scattered electron. A coincidence 
experiment uses one or more other spectrometers) to detect other produced particles in 
conjunction with the scattered electron. If  the final state of the target is unknown then the 
experiment is termed inclusive; if  there is a definite final state then it is termed exclusive. 
These types of experiments will be discussed in more detail later in this chapter. Some 
key features that make electron scattering useful for probing the nucleus are:
• The interaction is weak (olem ~  10-2). This implies that the interaction can be de­
scribed perturbatively, and has lead to the one-photon exchange approximation which
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will be discussed in more detail in the next section. The weakness o f the fine structure 
constant also means that the mean free path of the virtual photon is large enough to 
sample the entire nuclear volume.
• The interaction of the electron with the nucleus is described by Quantum Electro- 
Dynamics (QED). This theory is considered by many to be the most accurate and well- 
tested theory known. In contrast, hadronic probes of the nucleus interact via the strong 
interaction which is less understood. Because the interaction is known, all o f the un­
knowns are ascribable to unknowns in the nuclear sector Extraction of the underlying 
physics of the structure and dynamics o f the nucleus is simpler than with correspond­
ing hadronic probes. The electron does interact with the nucleus through the weak 
force, however, this is weaker than the electromagnetic interaction by several orders 
of magnitude due to the large mass o f the weak W and Z bosons. Except in experi­
ments designed to measure these small interactions, notably parity violation, the effect 
is negligible. Some complications arise in coincidence scattering experiments such as 
(e, e'p) because the ejected proton or other particle(s) interact(s) with the residual nu­
cleus before being detected. These Final State Interactions are often modeled with an 
optical potential. This complication will be discussed in more detail in section 2.4.
• The three-momentum transfer, 9, and the energy loss ui can be varied independently
- .2
within the restriction that the virtual photon be “space-like” i.e. Q 2 = 9  —u 2 > 0 .
This allows the momentum dependence of transition matrix elements to be mapped out,
which in turn leads to the microscopic spatial distribution of the charge and current
density of the nucleus through Fourier transforms. This flexibility stands in marked
— 2contrast to photon absorption experiments which are constrained to 9 =  ur.
• It is possible to vary the polarization of the exchanged virtual photon through the choice 
of kinematics. This flexibility allows the charge and magnetic current interaction to be 
separated via the Rosenbluth separation technique3.
• Electron scattering provides a precision tool to probe the nucleus. Through the de 
Broglie relationships there is an inverse relationship between the momentum transfer 
and the distance scale that is probed. This allows the experimenter to look at smaller 
distance scales as the momentum transfer is increased.
•  Finally, electrons are produced easily and in great quantities in the laboratory.
3 M.N. Rosenbluth, Phys. Rev., 79 (1950), 615.
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Some of the disadvantages of electron scattering are:
7
• The electromagnetic interaction is relatively weak. This feature is advantageous in 
terms of the ability to use the one photon approximation, however it leads to small 
cross sections for the interaction. In turn, this requires higher luminosity or longer 
running times as compared to hadronic probes.
•  The electron radiates photons when subjected to acceleration. Although this process 
is predicted and understood in terms of QED, it complicates the extraction o f relevant 
quantities in the analysis.
1.2 Born Approximation
For reactions at moderate Q2, the scattering process can be simplified by the one photon
exchange approximation or the first Bom approximation. Following the procedure of
Figure 1.1: A schematic of the general scattering reaction.
Bjorken and Drell4, this simplification allows the reaction to be factorized in terms of 
the well-understood electron current and the hadronic nuclear current where all o f the
4 J.D. Bjorken and S.D. Drell, Relativistic Quantum Mechanics, McGraw-Hill, New 'Vbrk, New \brk(1964).
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uncertainties reside. Figure 1. 8  shows a schematic of the interaction. The invariant cross 
section is proportional to the square of the invariant matrix element M ft. In the first Bom 
approximation the invariant matrix element becomes
MJi = ^  ( * '  s< s<) <B/1*7"!M  ■ (U )
where a  is the fine structure constant, k, s are the momenta and helicities o f the initial
and scattered electron, and A+ and B f  are the initial and final nuclear states. The electro­
magnetic current is simply
( k f  s f  \jy\ k i  Si)  =  u f f r n  ( 1.2)
where the initial and final electron spinors (ut, Tif) are normalized
w ( k , s ) u ( k ,  s ')  =  Ss s' . (1.3)
For convenience, the electron tensor (r/^) can be defined as
v  =  Z Z  f c r h f r Y f r n t M
i f
=  2 (kiflkfu +  kfflkiu -  ki ■ k fg ^ )  (1.4)
in the extreme relativistic limit (ERL) where represents the average over initial spin
i
states and Y l f  the sum over final spin states. In parallel fashion, the hadronic tensor can 
be defined in terms of the hadronic nuclear current as
0 .5 )
A i  B f
where J2 represents the average over initial states and Y2b the sum °ver final states. With
Ai 1
these definitions, the invariant cross section can be written as
da  =  ^ ^ 4  V  W^dEfdQe, ( 1 .6 )
where ej,  and £, are the energy component of the electron four momenta k. This gen­
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eral framework now puts all o f the uncertainties which is probed in electron scattering 
experiments in the embedded nuclear current.
1.3 Single-Arm Electron Scattering
Single-arm experiments are the prototype electron scattering experiments. Figure 1 . 2  
shows a generic spectrum for an inclusive single-arm X (e. e') electron scattering exper­
iment5. The figure plots cross section as a function of the energy loss (u ) for a fixed
Giant 
resonance
Elastic NUCLEUS
Quasi e lastic
+ 300 MeV
DEEP INELASTIC 
» EMC "
Figure 1.2: A generic single-arm inclusive electron scattering spectrum.
Q2. Various different regions of the spectrum can be easily identified and associated with 
distinct physical processes. The first peak seen in the spectrum (at uj =  Q2/2 M A) cor­
responds to elastic scattering from the nucleus. With increasing energy loss, comes a 
series o f sharp peaks relating to various excited states of the nucleus. Next are a set of 
broad bumps called giant resonances, which represent coherent collective oscillations of 
the nucleus. Following these is the quasi-elastic peak, located at u  ~  Q2/2 m ^ ,  which
5 B. Frois and C.N. Papanicolas, Ann. Rev. of Nucl. and Pat Sci., 37 (1987), 133.
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corresponds to a virtual photon being absorbed by a single nucleon with mass m N, which 
is subsequently emitted from the nucleus. The width of the peak arises from the momen­
tum distribution, and is approximately given by Au; «  (Q ±  k / ) /m N, where k f  is the 
fermi momentum. The next peaks correspond to excitation o f the single nucleon to the A 
resonance and higher resonances (A*, N*). Between the quasielastic peak and the A peak 
is an area known as the dip region, which has been o f interest in past experiments on car­
bon. Finally, beyond these peaks is an area labelled deep inelastic region. This continuum 
area can be thought o f as an area of many overlapping resonances or alternatively as an 
area where quark scaling behavior is being observed.
For inelastic single arm scattering or inclusive scattering, the contraction of the lep- 
tonic and hadronic tensor in equation 1 . 6  can be carried out in the one photon exchange
approximation resulting in
da  (TjV/
I |A r (1.7)dCledu! M a
where R l and R t  are the longitudinal and transverse structure functions, M a is the mass 
of the target nucleus, ki and Qe are the initial energy and the scattering angle of the electron, 
a M is the Mott cross section given by
a 2cos2 (!) 
!)'
a M = ----------- /Q \  • (1-8)
sin4
and a  is the fine structure constant. The structure functions represent all of the unknown 
information of the nuclear current that can be probed.
1.3.1 Elastic Scattering
Early electron scattering experiments found success in looking at elastic scattering from
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various target nuclei. Because a discrete energy state is now involved (exclusive), the 
singly differential cross section can be written as
(  O2 „ / 0 „ \ \
(1.9)
da o'a t
dVlP f * I  +  ( ^ + t a n 2 ( r l | f i T1 + 2 ki sin2 /M a
where an integral over the discrete state has been performed in equation 1.9. Often, a
multipole analysis is performed for a given target. For a target with angular momentum Ja,
the longitudinal and transverse structure functions can be expanded in terms of multipole
operators6
even J
Jo
R i
odd J  '  ii /
A Caul ||
M j
/i^ rriag
T ,
( 1.10)
( 1 . 1 1 )
( 1. 12)
(1.13)
where the multipole operators are defined in the usual way as
M jm  ( l ) = J d 7 j j  (qr) Y ?  (n.) P ( r )  ,
t 2  (? )  = J d  r  [ i j ( q r ) Y jMn  (£2,)] • J  (? ) , 
where | j  ( r2)  , p ( r2) ]  are the current and charge density operators for the nucleus, Y f]1 
are the vector spherical harmonics, Y j 1 are ordinary spherical harmonics, and j j  are spher­
ical Bessel function. The longitudinal and transverse structure functions are experimen­
tally separable and provide very different information about the target nucleus. The longi­
tudinal structure function provides information on the nuclear charge distribution. On the 
other hand, the transverse structure function provides a picture of the nuclear current and 
magnetization distributions. It is a very interesting feature of elastic electron scattering 
that at different momentum transfers 9 , different multipoles dominate, thus effectively,
T.W Donnelly and J.D. V&lecka, Nucl. Phys., A201 (1973), 81-106.
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Figure 1.3: Charge density distribution for 40Ca taken from ref 8 . The experimental num­
bers are from Sick et al.9. The Density Dependent Hartree-Fock (DDHF) calculation 
is from Negele10. The DDHF+RPA (Random Phase Approximation) calculation is from 
Grogny11.
allowing the experimenter to separately determine them7. The following figures exempli­
fies some of the excellent work done in this area. Figure 1.3 shows the charge distribution 
resulting from a Fourier transform of experimental data from 40Ca with some theoretical 
calculations8. The agreement is quite good except at small distances. Figure 1.4
shows the transverse structure function for elastic scattering from 9 3Nb12. One can see 
the individual magnetic multipoles coming into play with increasing momentum transfer
7 J.D. Wdecka, Nucl. Phys., A574 (1994), 271c-296c.
8 C.J. Horowitz and B.D. Serot, Nucl. Phys., A368 (1981), 503.
9 I. Sick et al., Phys. Lett., 88B (1979), 245.
10 J.W Negele, Phys. Rev., C l (1970), 1260.
11 D. Grogny, Proc. Conf. Nucl. Phys. Electromag. Int. (Mainz, 1979).
12 R.C. \b rk  and G.A. Peterson, Phys. Rev., C19 (1979), 574.
13 G. Box, Ph.D. Thesis, I.K.O., Amsterdam (1976), unpublished.
14 RK.A. de Witt Huberts et al., Phys. Lett, 60B (1976), 157.
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Figure 1.4: The transverse elastic structure function of 93Nb taken from ref 12. The open 
circles are data from York and Peterson (ref 12). The closed circles are data from Boxl3and 
de Witt Huberts et a l 14. The solid curve is a fit using a single particle model with harmonic 
oscillator wave functions.
until at the highest momentum transfer only the highest multipole allowable dominates. 
Figure 1.5 shows the resulting angular dependence of the magnetization density due to 
the M9 multipole. In essence, these experiments dissect the target nuclei level-by-level 
by examining the distribution of the charges and currents. Elastic scattering proved itself 
to be a very successful tool to probe the microscopic structure of the nucleus. Experi­
menters continue to probe deeper and turned to quasielastic scattering in an effort to probe 
the individual nucleons and examine how they are affected by being inside a nucleus.
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G
Figure 1.5: Angular shape o f the M9 multipole magnetization density for 9 3 Nb. 
1.3.2 Quasielastic (e, e') Scattering
A naive view of the nucleus would be that it is comprised of quasi-free nucleons with 
specific momentum distributions. This means that the interaction o f the nucleons can 
be described with a global potential. Aside from this global potential, the nucleons are 
considered to be non-interacting. In this view, quasielastic scattering is dominated by 
single nucleon knockout from the nucleus. With this assumption, the relationship between 
uj and q in the non-relativistic limit is deduced simply, using energy conservation, to be
2 mN 2 mN (1.14)
-  ?2 + i ^ i +5
2m at rritf
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where pi is the initial momentum of the struck nucleon, and e is referred to as the aver­
age binding energy. This name is deceptive because it actually represents the difference 
between the final and initial state interactions and the energy dependence of the nucleon- 
nucleus potential. 15 The Fermi gas model arose from this assumption and was the first 
model used to predict and understand quasielastic scattering. In this model, the nucleons 
populate momentum space uniformly until they reach the Fermi momentum given by the 
relationship
where p is the density o f identical particles, p0 is the average nuclear density, and the factor 
of j  takes into account spin-isospin symmetry.
This simple model was used by Whitney, et al.16, to fit cross section data taken from a 
wide range of nuclei. The only variables used in the fits were k f  and e. The fits and the data 
are shown in figure 1.6 . The quasielastic peaks are surprisingly well fitted considering the 
model did not include final state interactions or relativistic effects.
1.3.3 Open Questions Arising from (e, e') Scattering
Many thought that the agreement between the Fermi gas model and early quasielastic 
scattering data meant that the assumption of single nucleon knockout was a good one. 
However, the reaction mechanism was revealed to be more complicated. The first sign 
of this came when separations o f the longitudinal and transverse (L/T) structure functions 
were attempted. L/T separation experiments were done to look for a phenomenon known
asy-scaling. If the assumption of one-body interactions were true then <7 and u  are related
15 K.Y Horikawa, F. Lenz, and N.C. Mukhopadhyay, Phys. Rev., C22 (1980), 1680.
16 R.R. Whitney, I. Sick, J.R. Ficenec, R.D. Kephart, and WE Towei; Phys. Rev., C9 (1974), 2230.
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Figure 1.6: Quasielastic inclusive (e,e’) data from a variety o f nuclei, taken from ref 16. 
The solid curves are the results of a fit using the Fermi Gas Model.
by Eq. 1.14. In this case, the nuclear structure functions which, in general, are functions
of both variables can be written as a function of a single scaling variable yr. Finn et. al}1
performed a relativistic y-scaling analysis on separated data from 1 2C. They wrote the
nuclear structure functions in a dimensionless way via
h{Q \u)  (1.16)
I t { Q 2,uj) (1.17)
where f L, f r  are the reduced structure functions (so called because they are dimension-
r 'N*
less), A  is the number o f nucleons, and Gcand Gm  are the mean nucleon electromagnetic
R l ( Q \ u ) - j Gb  (Q2) 
Rt  (<3V) =  4 Gm  (Q2)
ri i
Q2
_ 2
2m2Nl
17 J.M. Finn, R.W Lourie, B.H. Cottman, Phys. Rev., C29 (1984), 2230.
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Figure 1.7: Y-scaling analysis of the reduced structure function for 12C for various mo­
mentum transfers taken from ref 17. The longitudinal data is shown for ~q =  400 MeV/c 
(circles), and 500 MeV/c (squares). The 400 MeV/c transverse data is shown with dia­
monds and the 500 MeV/c is represented by triangles.
form factors. If y-scaling holds, then these reduced structure functions are equal and can
be expressed in terms of the scaling variable yr
00
h  (yr) =  J t  (yr) =  7T m N J  71 (1-18)
{yrmN)2
where the y-scaling variable in its relativistic form is defined
a u>
Vr =  (1-19)Zttim q
and where
- / S O Q1l + O-2®)
Experimental results for the reduced structure functions from 12C are shown in Fig 1.7. 
Individually, the reduced longitudinal and transverse structure function seem to follow a 
universal curve. However, f L and f T are clearly not equal even at the quasielastic peak.
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Moreover, the Fermi gas model which correctly predicted total cross sections was not able 
to fit the longitudinal and transverse structure separately. Extensions o f the Fermi gas 
model and inclusion of other multi-body effects such as MEC and short range correlations 
were not able to satisfactorily reproduce the data. Other approaches to the problem in­
cluded the a  — uj18 model, which modifies the nucleons in the nuclear medium using a  
and uj mesons in an effective mean field theory, and Mulder’s 6  quark bag model19. At­
tempts to include final state interactions20 and off shell effects21 were also made. These 
and other theories were not able to satisfactorily explain all o f the data.
Another area of concern is the so called dip region between the quasielastic peak and 
the delta resonance. The cross section in that region is much higher than predicted by 
simple models of the tails o f the two peaks. More realistic models which tried to include 
pion production and Meson Exchange Currents22 can only account for only about half of 
the cross section in this area.
Finally, the Coulomb Sum Rule23 posits that the longitudinal structure function inte­
grated over all uj, at fixed q, should equal Z, the nuclear charge, times the proton electric 
form factor for ^ <C rN, the nucleon radius. When compared to the data for atomic num­
ber greater than four, however, the sum rule is consistently 20% low24. Dang et al.'25, and
18 B.D. Serot and J.D. ^ leck a , Advances in Nuclear Physics 16, ed. J.W. Negele and E. Vogt, (Plenum Press, 
New York, 1986).
19 PJ. Mulders, Nucl. Phys., A459 (1986), 525.
20 C.R. Chinn et al.. Phys. Rev., C40 (1989), 790.
21 X. Song, J.Chen, J. McCarthy, Z. Phys., A341 (1992), 275 ; J. Phys., G17 (1991), L75.
22 W. \hn Orden and T.W Donnelly, Ann. Phys., 131 (1981), 451.
23 T. de Forest Jc, Nucl. Phys., A414 (1984), 347.
24 E Barreau et. al., Nucl. Phys., A402 (1983), 515;
Z.E. Meziani et. al., Phys. Rev. Lett, 69 (1992), 41.
25 G. Do Dang, et al., Phys. Rev., C35 (1987), 1637.
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Chen et al. 26, have suggested possible explanations for this discrepancy, but verification 
of the sum rule remains in doubt. In short, the situation in inclusive single-arm electron 
scattering left open many questions.
1.4 Coincidence (e, e'p) Scattering
Coincidence (e, e'p) experiments have been performed on a variety of targets. They are 
harder to perform than single-arm experiments because they require two particles to be 
measured at the same time. Also, the fraction of the total phase space examined and cross 
sections are usually much smaller than with inclusive measurements. However, when the 
final state o f the target is known, this technique gives more detailed information on the 
reaction mechanism and may constrain theoretical models better. For example, for few 
body systems (H, D, 3 He), coincidence A  (e, e'p) B  scattering has provided the bulk of 
the data on the nucleon form factors G% and G\if27. A diagram of a typical reaction is 
shown in figure 1.8 . The electron knocks out a proton with momentum Px, leaving the 
remaining A-l system with momentum P b ■ Paralleling the derivation o f section 1.2, the 
invariant matrix element can be written
where now the knocked-out proton momentum yPxj is made explicit and the final state 
(B) is the remaining A  — 1 system. The invariant cross section can be written in terms of 
the leptonic and hadronic tensor in the form
m >‘ = n t  S/ w  S(\  / B ,  p ,  i ^ i  a )  . (1-21)
tlflt/W ^ d e f dQed3Px, (1.22)
26 J.P. Chen et al., Phys. Rev. Lett, 66 (1991), 1283.
27 J.J. Kelly, Adv. Nucl. Phys., 23 (1996), 75.
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Pa
Figure 1.8: One photon exchange approximation for coincidence A (e, e'p) B  experi­
ments.
where the hadronic tensor is now defined as
W < " = [  d?pB ( b ,  Px \J»\ a ) ‘ ( b ,  P ,  Ir \ a )  . (1.23)
For coincidence scattering, the contraction of the tensors of equation 1.22 for coincidence 
scattering within the framework o f the extreme relativistic limit (ERL) and the one photon
exchange approximation results in the cross section
d?cr P i  £,
dkf dQedkxdnx =  [Vl R l + Vt Rt  +  VltR lt c o s 0  +  V t t R t t  c o s  ’
(1.24)
where Ri and V* (i =  L ,T ,  LT, T T )  are nuclear response functions and their associated
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kinematical factors28, Px =  (ex, Px) the four vector describing the outgoing proton, and 
ctm is the Mott cross section. As this equation shows, unpolarized coincidence scattering 
allows access to two new structure functions that are not accessible via inclusive scattering.
1.4.1 Plane Wave Impulse Approximation
The Plane Whve Impulse Approximation (PWIA) is a common theoretical framework used 
to gain intuitive insight into coincidence scattering for light nuclei. The assumptions im­
plicit in the PWIA are:
(1) A single virtual photon is absorbed by a single proton in the nucleus. The full momen­
tum and energy transfer takes place with this proton.
(2) The proton exits the nucleus without further interaction. Therefore, the outgoing proton 
can be represented by a plane wave.
(3) This proton, not a spectator proton, is detected in the experiment. This allows for 
exchange terms to be neglected.
This approximation results from the quasifree assumption of the nucleons (non-interacting 
nucleons with specific momentum distributions moving in a common potential well). A 
schematic is shown in figure 1.9. For many years, it was believed to be a good approxima­
tion for a wide range of targets and energies. It has the advantage of allowing the invariant 
cross section to be further factorized in the form
% v w ^ s A~ l (p m ) d s f d n ed3Px (1.25)
28 S. Boffi, C. Giusti, and F.D. Pacati, Phys. Rep., 226 (1993);
AS. Raskin and T.W. Donnelly, Ann. of Phys., 191 (1989), 78-142;
T.W Donnelly and J.D. Whlecka, Ann. Rev. ofNucl Sci., 25 (1975), 329; 
J.J. Kelly, Adv. Nucl. Phys., 23 (1996), 75.
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where Wgv is the single nucleon tensor instead of the full nuclear tensor and S' - 4 - 1  (Pm) is 
the spectral distribution or the probability o f finding a proton in nucleus A  with an initial 
four-momentum Pm = Pa — Pb -
Figure 1.9: A schematic of the Plane Wave Impulse Approximation.
1.4.2 Experimental Results
Coincidence scattering on complex nuclei has shown that the simple quasifree picture of 
electron scattering must be modified. Figure 1.10 shows the longitudinal and transverse 
response functions, R l and Rt , for 12C(e, e'p) at q  = 400 MeV/c and u j  =  120 MeV29. 
The sharp peak at «  18 MeY corresponding to scattering from p-shell protons, and the 
broad peak centered at «  38 MeY corresponding to knockout of more-deeply bound s-
29 RE. Ulmer et. al., Phys. Rev. Lett, 59 (1987), 2259.
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Figure 1.10: Separated L/T structure functions for 1 2C(e, e'p) at the quasielasic peak. Also 
shown is the difference between the separated longitudinal and transverse spectral func­
tions ( S t ,  S l ) ,  taken from ref 29.
shell protons, can be seen in both response functions. However, the transverse response
function shows significant strength beyond 50 MeV that is not seen in the longitudinal
response function. The figure also shows the difference in the spectral function, St  — Sl -
The spectral functions can be related to the response functions by
S , =  R l
St  —
k v lg%
R t (1.26)
K V t G2m
where K, VL, and VT are kinematical factors and Ge and G m are the electric and mag­
netic form factors for the proton. The difference in the spectral functions begins to grow 
at 28 MeY which is the threshold for two-nucleon emission, and extends out to 65 MeV
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(the highest missing energy accessible in this experiment). Results from NDCHEF have 
confirmed this effect30. Figure 1.11 shows the ratio of the transverse to longitudinal re­
sponse function, 77 as a function of missing energy.. Although the data does not extend as
15 25 35
Emiss (MeV)
Figure 1.11: L/T structure function ratio for quasielastic 12C(e, e'p), taken from ref 30.
far out in missing energy, it clearly shows the rise o f the ratio at the two-body threshold. 
Excess strength at high missing energy that cannot be accounted for by one nucleon emis­
sion is also seen in the dip and A regions31. This excess transverse response has led to a 
substantial amount of theoretical work towards understanding quasielastic electron scat­
tering32. These efforts have had only mixed success in elucidating the reaction. It is clear 
that some important physical mechanisms are not yet understood. Model ambiguities re­
main because the data are incapable of distinguishing between various classes o f models. 
However, it is possible, with the use of polarization techniques that are now available, to
30 G. van der Steenhoven et al., Nucl. Phys., A484 (1988), 445.
31 R.W Lourie et. al., Phys. Rev. Lett, 56 (1986), 2364;
H. Baghaei et. al., Phys. Rev., C39 (1989), 177.
32 Y Horikawa, F. Lenz, and N.C. Mukhopadhyay, Phys. Rev., C22 (1980), 1680;
S. Fantoni and YR. Pandharipande, Nucl. Phys., A462 (1987), 269;
S. Drozdz, G. Co’, J. tfthmbach, and J. Speth, Phys. Lett B, 185 (1987), 287;
T. Suzuki, Phys. Rev., C37 (1988), 549;
L.S. Celenza, A. Rosenthal, and CM . Shakin, Phys. Rev. Lett, 53 (1984), 892; Phys. Rev., C31 (1985), 
232.
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have a more complete determination of the scattering amplitudes and response functions. 
This should help to disentangle the effects o f single nucleon and multi-nucleon reactions in 
the reaction mechanism. In turn, more precise knowledge of the dynamics of the nucleus 
and QCD effects can be garnered.
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The A , e' B Reaction
This chapter describes the formalism of recoil polarization in coincidence electron scatter­
ing. The introduction of spin degrees of freedom allows access to many nuclear response 
functions and observables previously unexplored. Using this formalism, the Distorted 
Whve Bom Approximation will be discussed which takes into account final state interac­
tions when the target nucleus is complex. The development of this formalism will provide 
a framework to discuss the result of this investigation of the induced polarization in the 
l2C^e, e' p'j reaction.
2.1 Formalism
The formalism for the electroproduction of a nucleon in the A  ^e, e' B  reaction has 
been developed by a number of people33. This reaction introduces spin degrees of freedom 
through the use of polarized electrons and the measurement o f the ejected proton polar-
33 A. Picklesimer andWVm Orden, Phys. Rev., C35 (1987), 266;
C. Giusti and F.D. Pacati, Nucl. Phys., A53S (1989), 573;
A.S. Raskin and T.W. Donnelly, Ann. Phys., 191 (1989), 78-142.
26
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ization. As is usually the case, the one photon exchange approximation and the extreme 
relativistic limit (ERL) are assumed. A schematic of the reaction is shown in figure 2.1. 
The incident electron four-momentum is given by Ki = ( e{, k i j  and the scattered elec­
tron four-momentum by K f  -  (e f , fc/). Also, PA =  (eA, P a ) ,  Pb =  (e s , p B) ,  and 
Px =  (ex, Px) represent the target’s initial and final four momenta, and the ejectile four 
momentum respectively. The scattering plane is defined by the initial and scattered elec­
tron momentum. The reaction plane is given by the recoiling system (B) and the ejected 
nucleon momentum ^Px) . The detected nucleon emerges at an angle Qx with respect to 
q in the reaction plane. The out-of-plane angle, 0Z, is the angle between the scattering 
plane and the reaction plane. If (j)x =  0° or 180° then the reaction is called coplanar. If 
6X =  0° or 180° then the reaction is parallel or anti-parallel respectively.
The recoil momentum is defined
P b= 7 -  Px • (2.1)
In PWIA this can be equated with the initial momentum of the struck particle P*. Also, 
the missing energy is defined
Em = u j - T x (2.2)
where Tx is the kinetic energy o f the ejected particle. The polarization of the ejected 
nucleon in the instantaneous rest frame is expressed in the (L, T, N ) basis with L  along 
the direction of the nucleon momentum Px and N  along the normal of the reaction plane. 
The differential cross section (from eq. 1.22) can be written as a six- fold differential cross 
section by using
dzpf = ExpxdexdPlx (2.3)
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Electron Scattering Plani
Reaction Plane
Figure 2.1: Kinematics of the ^e, e' P j  reaction.
where dClx is the solid angle for the knockout proton. The six-fold differential cross section 
in the lab frame is then
cPa
(2.4)
d£fdnedexdQx (2k )3 et- QA ilv‘
If the final state is a single discrete state or resonance then a five-fold differential cross
section can be written by integrating over the appropriate range of missing energy. The
recoil factor used is
free — J  d ex 6 (ex +  e b  — w  +  M a )
1 -
e* ( Px • P b )
- l
£b [P( p x • Px)
(2.5)
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The recoil factor adjusts the nuclear phase space and the resulting cross section is
d5cr P3 -XE f O L
J JO JD =  /rec " -3  ~ (2-6)dsf dQedQx (2ir) £i Q
2.2 Polarization Response Functions
Even with the inclusion of spin degrees of freedom, the one photon exchange approxi­
mation still allows the cross section to be factorized into an electron tensor and hadron 
tensor Again, this simplification makes electron scattering a clean tool to examine the 
less well-known nucleus and nucleons. In the Extreme Relativistic Limit, only the longi­
tudinal part of the electron spin is important, the others are suppressed by a factor o f 7 . 
The electron tensor can be separated into two parts
V  =  \  f c  +  hlt )  (2-7)
where h is the helicity of the electron and 77“  ^ and 77^  are the helicity-independent and 
helicity-dependent parts of the electron tensor The form of these tensors are
V f i v  =  -(- k f f j t i u  • k f g ^ )  (2 .8)
r fc  = - 2  ie^afikfkPj 
where is the completely anti-symmetric Levi-Cevita tensor. Donnelly34 among oth­
ers has worked out the general contraction of the electron and hadron tensor Again, the 
unknown properties of the hadronic tensor can be parameterized in terms of nuclear re­
sponse functions. The response functions can be categorized in terms of all of the different 
degrees of freedom available, including the spin components of the electron, virtual pho-
34 T.W. Donnelly, MIT Preprint No. CTP-1650 (1988).
A.S. Raskin andT.W Donnelly, Ann. of Phys., 191 (1989), 78.
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ton, and proton. Using symmetry properties such as time reversal and parity, the cross 
section can be written in terms o f 18 independent spin response functions35
(2.9)
dS(T Px ’ do
Mottd£ fdQ eQ x 2 (27T3) d£le
x
+ V l t
jtVtt
hVLT
* U '■’J JVIOIZ
Vl ^ R l  +  PCI +  Vt  ^ R T +  R^r 
R lT  +  R nLT S n 'j  COS 4>x +  ( r 1l t  Si ~PR\,t S t )  sin  4>x 
R t t  V  R ^ tt S n 'j cos 26x +  S i -\~Rxt S t )  sin  20. 
r 'lt  +  r 'l t  S r^j s in 0I  +  (^R'[t  S i + r l t  S t j  cos 0Z 
-th V jx  '^R t t  Si - \-R tt St^j
where the kinematical factors Kj are 
Vt = A2 VLT =  -|Ay^A + tan:2
Vt  =  + tan2 ^  V^x =  (y A  +  tanM fJ tan:
Vtt  =  —|A
2S2
ViT = ~ ^ \ t a ^ ef
u
and A =  1 — j  is a measure o f the “virtualness” of the exchanged photon. The S  vec­
tor is the basis vector of the ejected nucleon polarization in the instantaneous rest frame. 
The spin structure functions depend on <? , u, Tx, and 6X. The dependence on d>x is writ­
ten out explicitly in equation 2.9. The response functions are labelled according to their 
dependence on the various spin degrees of freedom. The subscripts refer to the compo­
nents of the virtual photon polarization and a prime signifies a helicity-dependent response 
function. The superscripts refer to the ejectile polarization components. It is possible to 
experimentally measure each o f these response functions separately using the so-called 
“Super Rosenbluth” technique. In addition to the standard Rosenbluth method of measur­
ing at backwards and forwards electron scattering angle, the Super Rosenbluth technique
35 In the most general case, where parity is not conserved, there would be 36 spin response functions.
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requires measurements on either side of ? (i.e. <px =  0° and 180°) with a polarized beam 
in conjunction with a polarized target or recoil polarimetry. It should also be noted that an 
out-of-plane measurement (jj>x ^  0°, 180°) is necessary to completely separate these 18 
nuclear response functions. Although it is possible to embark on a measurement o f all the 
nuclear response functions, the sheer number o f them requires that some theoretical guid­
ance be used to help select out interesting candidates for further study. Theoretical work 
in this area is a very active area of research as physicists seek to determine where the de­
scription of the nucleus in terms o f nucleons breaks down, and when the quark and gluon 
degrees of freedom become important. It is hoped that a detailed study of the nuclear 
response functions will help to answer these and other fundamental questions.
2.3 Recoil Polarization Observables
It is also useful to write the differential cross section in terms of the observables in recoil 
polarimetry. These observables are more familiar to physicists working in hadron scatter­
ing because they are written only in terms of the incident electron helicity and the recoiling 
proton’s spin degrees of freedom. The net polarization of the ejected nucleon, lit, has two 
contributions
U i=P i +h D u  (2.10)
where P* is the induced polarization, and D u  is the helicity-dependent polarization trans­
fer matrix. The 3 x 3  matrix is reduced to a 3 component vector in the ERL, because 
only the longitudinal component of the electron spin is not Lorentz-suppressed. Using
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this relationship, the differential cross section can be written
d5a  1
= cror 1+ Pi ( a + DLt j^ (2 .11)dsfdQeClx 2
where A  is the beam analyzing power and oo is the unpolarized cross section. These 
observables can be written in terms of the nuclear response functions and kinematical 
factors o f the previous section
ctq = KcrMott [VlR l +  Vt R t  +  VltR lt c o s  <j)x +  Vt t Rtt  cos 20x]
(ToA  =  K a Mott \ Y l t R l t  s *n  0 x ]
O’o P n  =  K a M o tt  Wl,R?L +  V t R t  +  V l t R ^ T  C0S "h ^ T T ^ T T  C0S 203;] 
tT0Pm =  K a Mott [VltR-Tt s in 0x +  VttRt t s in -&x\ -,rn =  L t  
g q D t t i  — K a M o tt \ Y l t R l t  0 x ]
°o DLm — KaMott \VltR l t 0x Vt t Rt t \ ,7n — l , t  (2.12)
P.
2 (2 ^ )” ' ®ecause ^ ese observables depend on a number of different re­
sponse functions, measuring them is an important step in guiding further research in this
m N
where K  =
area. They provide a stringent test o f theories that try to model the nuclear response. A 
model must describe these polarization observables if  it is capable of predicting the indi­
vidual nuclear response functions and the underlying physics issues involved. In coplanar 
kinematics, only the <r0, Pn, D Li and D u  terms survive. DLi and D u  require a polar­
ized beam to measure as they are explicitly helicity-dependent. The present experiment 
explicitly measures Pn for protons ejected from the carbon nucleus.
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Figure 2.2: Schematic diagram of Distorted Whve Bom Approximation.
2.4 DWBA
The Distorted Wave Bom Approximation is commonly used to model the coincidence 
knockout reaction for complex nuclei (A>4). Some of the basic assumptions of DWBA 
are:
• The electrons can be described by plane waves and undergo no initial or final state 
interaction; usually, the Extreme Relativistic Limit is taken.
• One photon is exchanged between the incident electron and the struck nucleon.
•  The struck nucleon undergoes some final state interactions (FSI) with the target nucleus, 
which are usually modeled by an optical potential.
• The struck nucleon is detected; some work has been done on coupled channels schemes 
as well.
A schematic diagram o f the reaction is given in figure 2.2. The diagram is similar to
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the PWTA one, except that interaction between the ejected nucleon and the target nucleus 
is allowed. Note that this means that the detected momentum cannot be directly related to 
the initial momentum of the ejected nucleon. The invariant amplitude for the reaction can 
be expressed36 as
(2-13)
where the electron and nuclear currents are
%  (^e//) =  J d ? r  e - iq* 'r r 4>ef  (V) 'iflrf)ei ( r )  (2.14)
S ?  ( W / )  =  f * ?  e~x^ qeff' r ipy ( ? )  ( ? )
and where is the vertex operator for the nuclear current. 0e and \bN are the spinors for 
the electron and ejectile wave function. The Effective Momentum Approximation (EMA) 
has been taken for Coulomb distortions which makes use of the fact that the electron 
current tends to be sharply peaked about a locally effective momentum transfer. In position 
coordinates then, the nuclear current can be reexpressed37
9 ?  ( ? )  = J < P r  e_i^ ?e//'7 X(_)* (?* , ? )  r„  ( p x, P m) <t> ( r )  (2.15)
where 0 is the amplitude for removing a single nucleon from the target nucleus, the ef­
fective missing momentum is given by the relationship, Pm=Px -  9e/ / ,  and x  is the 
distorted wave function o f the ejectile after it emerges from interacting with the residual 
nucleus.
In an optical potential model, the distorted wave is assumed to satisfy a Schrodinger
36 T. de Forest Jn, Ann. of Phys., 45 (1967), 365.
37 J.J. Kelly, Adv. Nucl. Phys., 23 (1996) 75.
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equation o f the form
[v2 +  k2 -  2n (Uc  +  ULS L  • ? ) ]  x =  0 (2.16)
where Uc  is the central potential and ULS is an explicit spin-orbit potential. These terms 
are in general complex. Alternatively, in Dirac Phenomenology (DP) the Dirac equation 
is used as the starting point
where S  and V  are scalar and vector potentials, V z  is the Coulomb potential, and 'P is a 
four component Dirac spinor. It is possible to relate the potentials of these two equations 
(non-relativistically) through a Darwin transformation38. These potentials are in turn fit to 
elastic scattering data. Often the potentials are given in Woods-Saxon form39. In general, 
the real part of the central potential shifts the average momentum and the imaginary part 
provides an absorptive term. This absorptive term simulates the loss o f strength to other 
reaction channels. The real and imaginary parts of ULS can be understood in terms of 
explicit spin-spin and spin-orbit interactions in microscopic calculations. Optical poten­
tials for nuclei A>12 over a wide range of energies are widely available40. Microscopic 
models of the optical potential based upon the local density approximation (LDA) also 
exist41. These are also fitted to proton scattering data and are similar in style to the Dirac 
Phenomenological models except they also include tensor terms.
38 J.J. Kelly, Adv. Nucl. Phys., 23 (1996) 75.
39 M.A. Preston and R.K. Bhaduri, Structure o f the Nucleus, Addison-Wfesley Publishing Company, Reading, 
MA (1975).
40 S. Hama, B.C. Clark, E.D. Coopei; H.S. Sherif, and R.L. Mercei; Phys. Rev., C41 (1993), 2737;
E.D. Coopei; S. Hama, B.C. Clark, and R.L. Mercei; Phys. Rev., C47 (1993), 297.
41 J. Hufher and C. Mahaux, Ann. of Phys., 73 (1972), 525.
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2.5 Physics of Pn
The induced normal polarization vanishes in the PWIA. Only when final state interactions 
are taken into account is a finite Pn possible. It is however not intuitive how an unpolarized 
beam can cause a polarized proton to scatter from an unpolarized target. Fortunately, this 
can be understood simply in a semi-classical manner Consider scattering from the spin- 
3/2 p-state of carbon as in figure 2.3. Classically, the spin and orbital angular momentum
S= +1/2, m = +1
S= -1/2, m = -1
Figure 2.3: Illustration of differential absorption effect for scattering from a p3 /2 state.
vectors are aligned. If, as in the case of this experiment, scattering occurs on the same side 
of <Z, then the direction o f the momentum V is fixed. Scattering from the front and rear face 
of the nucleus would then select out different directions of the angular momentum L = r  
x P. This also means that scattering from the front and rear face of the nucleus selects 
out different spin components. This effective spin filter forces protons with one direction 
of spin to travel through more of the nucleus than protons with the other direction of spin. 
The increased pathlength increases the differential absorption between the two spin states,
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Figure 2.4: A calculation of the induced proton polarization for this experiment. The solid 
line is the full calculation using a microscopic optical potential fitted to elastic proton 
scattering. The dotted line is the contribution of Im(l7c ) . The dashed line is the sum of 
the contributions from Im(£/C) and Re(ULS) .
causing the induced polarization. This effect has been well studied in hadronic reactions 
and is known as the Maris Effect or Newns Polarization42. This is what is parameterized 
as the imaginary part o f the central potential. Figure 2.4 shows a full DWBA calculation 
using a Dirac Phenomenological optical potential with the separate contributions from the 
various parts o f the optical potential. As the figure shows, the Maris Effect gives an 
approximately constant polarization as a function of recoil momentum. The rest o f the 
induced polarization is primarily due to the real part o f ULS. This term of the potential
42 G. Jacob, T.A.J. Maris, C. Schneidei; and M.R. Teodoro, Nucl. Phys., A257 (1973), 517.
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parameterizes the explicitly spin-dependent terms in the optical potential. It should be 
noted that this calculation assumes a simple one-body knockout. Confirmation of this one 
body calculation is interesting itself because it would show unequivocally that PWIA is a 
bad assumption.
150+n 15N+p
1/2
160
Figure 2.5: A sample channel coupling scheme for 1 60. The heavy lines indicate direct 
knockout. The circles denote elastic reorientation, the dotted vertical line signifies in­
elastic scattering, and the dashed lines indicates charge exchange reactions taken from ref 
43.
Calculations done by J.J. Kelly on 160  show that P„ can also be sensitive to chan­
nel coupling (CC) schemes43. A sample coupling scheme for 160  is shown in figure 2.5. 
Within the context o f CC, the nucleon which coupled to the virtual photon is not necessar­
ily the detected nucleon. CC also involves the interactions o f the knocked-out nucleons 
with other states in the residual nucleus. The strength of these effects depends strongly
43 J.J. Kelly, Channel Coupling in (H, e' TV) Reactions in Complex Nuclei, to be published.
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on the coupling scheme used and the strength of the FSI. Figure 2.6 show the recoil po­
larization observables for both proton and neutron knockout. This calculation shows that 
neutron knockout tends to be more sensitive to coupled channels effects, but in proton 
knockout some effects can be seen at high recoil momenta.
2.5.1 Sources o f Theoretical Uncertainties
This experiment is expected to be primarily sensitive to final state interactions in the 
12C(e, e'~p) reaction. There are some small theoretical ambiguities that make this inter­
pretation not entirely correct. The first uncertainty arises from off-shell effects. The vertex 
coupling the photon to the proton (see figure 2.2 and 2.9) has not been measured directly 
because it involves a proton off of the mass shell. The vertex is well-known on the mass 
shell and some prescriptions for how to treat this cross section exists in the literature44. 
The prescription of MeVoy and Hove (NR4) treats the problem non-relativistically and 
expands the ambiguities to arbitrary order in 1/m. DeForest’s treatment (CC1-4) is fully 
relativistic. The off-shell effects are handled by introducing an effective mass or energy 
for the bound nucleon. The four-vectors are then evaluated at these effective kinematics. 
Although these effects are small, a new experiment at TJNAF involving virtual compton 
scattering will attempt to explicitly measure these effects45.
Another class of uncertainties involve interactions of the nucleon besides the interac­
tion with the recoiling nucleus. These are variously called Isobar Configurations (IC), 
Meson Exchange Currents (MEC), and Short-Range Correlations (SRC). An Isobar Con-
44 K.W. McVoy and L.van Hove, Phys. Rev., 125 (1962), 45.
J. Mougey et al., Nucl Phys., A262 (1976), 461.
T. de Forest, J t, Nucl. Phys., A392 (1983), 232.
45 E-93-050, Nucleon Structure Study by Virtual Compton Scattering, Spokespersons: R-Y Bertin, G. Fournier
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Sources of Theoretical Uncertainties 40
°N 3 / 2 '  °C 3 /2 "
1.0
0.5 
Q_Z 0.0 
-0 .5
- 1.0
0.5 
Cl’ 0.0 
-0 .5
1.0
0.5 
CL*1 0-0 
-0 .5
- 1.0
-3 0 0  0 300 -300  0 300 600
Pm (Mev/c) P m (MeV/c)
Figure 2.6: Recoil polarizations for P3 / 2  hole states in the 1 60 ^ e , e' N j  reaction in qua­
siperpendicular kinematics and Tz =  135 MeV The dotted curves only include spher­
ical optical potentials, the short dashed curves also include reorientation potentials, the 
long dashed curve includes charge exchange, the dot dashed curves include all possible 
isospin-changing interactions, and finally the solid curves represent the full calculation, 
taken from ref 43.
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figuration involves the interaction of the virtual photon with a resonance o f the nucleon 
such as A or AT* (figure 2.7a). Meson Exchange Currents and Short Range Correlations 
have various definitions in the literature. Here, MEC refers to an interaction of the vir­
tual photon with a meson (n, p etc...) in flight (figure 2.7b-c). This coupling involves two 
nucleons and often results in two nucleon knockout Short Range Correlations 0  have of­
ten been subsumed in the MEC category because the correlations between the nucleons 
have often been described in terms of mesonic degrees of freedom. With modem analy­
sis the correlations are analyzed in a more general fashion and should be considered in its 
own class. Again, SRC often results in two (or more) nucleon knockout. These effects 
are again expected to be quite small for the induced polarization, on the other hand, polar­
ization transfer experiments which measure D u  and D u  are expected to be much more 
sensitive to these effects46.
Figure 2.7: Some Diagrams o f IC and MEC.
Preliminary analysis by J.J. Kelly shows that the Pn measurement for this experiment 
is insensitive to ambiguities in the theoretical model such as the type of form factors used,
46 E-89-028, Polarization Transfer Measurement in the D(~e ,e'~p)n  Reaction, Spokespersons: J.M. Finn, EE. 
Ulmer
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the off mass-shell prescription or channel coupling. Figure 2.8 shows how the predicted 
Pn for the p3 / 2  and sx / 2  shells of carbon in the experimental kinematics depend on these 
theoretical uncertainties. As the figures show, the induced polarization measurement in 
these kinematics is expected to be a very clean measurement of final state interactions as 
it has practically no dependence on other theoretical uncertainties. Deviations from one- 
body DWBA calculations in Pn could point the way to understanding new physics. Some 
of these issues such as two-body correlations, two-proton knockout, color transparency, 
and other details o f the reaction mechanism are the topic of much current discussion47.
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Figure 2.8: The induced polarization for this experiment with various prescriptions for 
the off-mass-shell current. The different ones used are Non-Relativistic 4th order (NR4) 
of McVoy and Hove, and CC1, CC2, CC3 of Picklesheimer and Van Orden. Plots o f the 
induced polarization for this experiment including coupled channel effects and various 
forms of the proton and neutron form factors are indistinguishable on this scale. The cou­
pling scheme includes elastic reorientation, charge exchange, and inelastic scattering. The 
proton and neutron form factors looked at include Dipole model, Platchkov fit with Paris 
Potential, Galster model, Gari-Krumpelmann model, Tjon vector meson model, Hohler 
fit, Simon fit, and Mainz fit.
47 Proceedings from the Workshop on Short-Range Structure in Nuclei held at CEBAF March 15-16, 1996; 
K.I. Blomqvist et. al., Phys. Lett. 73 (1995), 2684.
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2.6 Principles of Polarimetry
The polarization of the detected knockout proton can be measured via a second scattering 
in the carbon analyzer o f the focal plane polarimeten This ( v  — 12c j  reaction allows a 
measurement o f the polarization because it has an azimuthally asymmetric scattering cross 
section. The angular distribution of this second scattering reaction is given by
/  (0,0) =  fo (9) [l +  T%1 Ay (9) cos 0  + t ip  Ay (9) sin 0 ] . (2.18 )
/o (9) is the unpolarized angular distribution, Ay (9) is the analyzing power, and 9 and 0 
are the polar and azimuthal second scattering angles. The analyzing power is a measure 
of how efficiently the — 1 2C^ reaction determines the polarization of the proton. It is a 
function of the polar scattering angle 9 and the proton kinetic energy Tx. It has been mea­
sured for a large range of energies and angles48. The analyzing power (averaged from 7 
to 30 degrees) as a function of kinetic energy is shown in figure 2.9. The proton kinetic 
energy for this experiment is 265 MeV which is near the peak of the analyzing power. 
Figure 2.10 shows the typical angular distribution o f the analyzing power. Note the sharp 
decrease in analyzing power as the angle gets small. This is systematically seen for all en­
ergies. The analyzing power is appreciable for a wide range of kinetic energies in the 
5° — 20° range. The 12C(p,pf) elastic cross section is shown in figure 2.11. It is peaked 
at small angles where the scattering is primarily due to multiple Coulomb scattering. Ap­
proximately 95% of the strength scatters at less than 5°, where the analyzing power is low.
48 A. Whters, et. al., Nucl. Inst Meth., 153 (1978), 401.
D. Besset et. al., Nucl. Inst Meth., 166 (1979).
R.D. Ransome et. al., Nucl. Inst Meth., 201 (1982).
E. Aprile-Giboni, et. al. Nucl. Inst Meth., 215 (1983), 147.
M.W McNaughton et. al., Nucl. Inst Meth., A241 (1985), 435.
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Figure 2.9: The carbon analyzing power as a function of the proton kinetic energy, from 
E. Aprile-Giboni e ta l., Nucl. Inst. Meth., 215 (1983), 147.
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Figure 2.10: The analyzing power as a function of scattering angle, from M.W Mc- 
Naughton et a l, Nucl. Inst. Meth., A241 (1985), 431.
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Figure 2.11: The (p  - l2CJ differential cross section for various proton energies.
This is the primary reason the hardware small-angle system described in section 3.3.3.4 
is necessary. The polarimeter was taken to the Indiana University Cyclotron Facility in 
1993 to be tested in a beam o f polarized protons. The results are shown along with the 
world’s data for 200 MeV protons in figure 2.12. The calibration at IUCF showed that 
the polarimeter’s performance was known to an accuracy of about 2 %49.
49 R.W Lourie et. al., IUCF Sci. and Tech. Rep., May 1992-April 1993, p. 135.
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Figure 2.12: The results for 200 MeV protons from the IUCF calibration.
2.6.1 Spin Precession in the Spectrometer
Upon examination of equation 2.18, it is clear that there are only two polarizations ex­
tracted by the polarimeter. However, to completely specify the polarization of the proton 
at the target requires measurement o f all components of the polarization. In the coplanar 
case all three components o f the polarization at the target can be extracted by taking ad­
vantage of the spin precession o f the proton as it travels through the magnetic field o f the 
spectrometer. Spin precession due to magnetic fields is governed by the Thomas equation 
which can be found in many textbooks on electricity and magnetism50. It is written here
50 such as Classical Electrodynamics second edition, J.D. Jackson, John Wiley and Sons, New \brk, 1975.
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in a stationary rest frame
S x w ,  where, u
t  is the proper time, g  is the proton gyromagnetic ratio, 7  is the Lorentz factor, and 5 /.and 
B t &re the longitudinal and transverse magnetic field. In certain special cases, such as a 
perfect dipole, this equation can be solved analytically. These analytical solutions neglect 
certain effects such as fringe fields, misalignment o f magnets, and higher-order effects. 
Further they usually assume the particle travels through small angles. The usual method 
of approaching this problem while including these complexities is to recast equation 2.19 
in the form of a Volterra equation and then solve the resulting integral equation numer­
ically. Such numerical approaches have been programmed into routines that are widely 
available. Chapter 5 will discuss in more detail the analysis o f this problem using numeri­
cal techniques. It is nonetheless instructive to know and understand the analytical solution 
to gain intuitive insight into the problem.
2.6.2 Spin precession in dipole field
The precession of the spin through a dipole field is the easiest to understand. OHIPS is 
a 90° vertically-bending dipole. With B l =  0 and B t  a constant, equation 2.19 has the 
solution
where Qb is the bend angle. Since the dipole bends in vertical plane, the effect is to mix
S  ( t )  = S 0 e**.
The precession angle (x) with a dipole field is then given by
(2 .20)
(2 .21)
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Spin Precession in a Quadrupole 48
A  Athe I and n components of the spin. The relationship between the polarization at the target
and the polarimeter are summarized as follows
=  pT  cos x  + pl9t s ia x (2.22)
pF ' = —Pn* sin x  +  p f 1 cos x
pT 1 =  P f  ■
If coplanar kinematics are assumed, p\9t and pt9t are helicity dependent (corresponding to 
DLi) while p!*1 is helicity independent. With a polarized beam all three components of 
the polarization at the target can be separated by measuring the helicity-dependent asym­
metries. For an unpolarized beam, only the normal polarization exists and is given simply
2.6.3 Spin Precession in a Quadrupole
The spin precession in a quadrupole is a much more difficult problem to handle than the 
dipole. Although it is a smaller effect than the precession through the dipole, a careful 
treatment is crucial to the analysis. An ideal quadrupole field satisfies the following con­
ditions
Nurushev51 for a quadrupole field. This solution relates the spin at the entrance of the quad 
to the spin at the exit of the quad by way of a spin matrix that depends on the coordinates
51 S. Nurushev, Nucl. Inst Meth., 141 (1977), 417-424.
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(2.24)
where G is the magnetic field gradient. An analytic solution has been worked out by
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of the particle at the front and back face. The coordinates are determined by the first order
equation of motion in the following form
(  x \  _  (  cos K L  ^rsin K L  \  f  x 0 \
)  ~  \  - K s ia K L  cos KL J  \  dQ J
(  y  \  _  /  cosh K L  ^  sixth K L  \  f  Vo \
\  <f> )  ~~ \  K  sinh K L  cosh K L  )  \  <f>o )
where L is the length of the quadrupole, K 2 =  and coordinates without (with) a sub-pc
script refer to the coordinates at the exit (entrance) o f the quad. Equation 2.26 summarizes 
the relationship between the spin matrix and the spin at the entrance and exit,
P =  M q P q (2.26)
where P  (P o ) is the spin at the exit (entrance) of the quadrupole, and M q , the spin matrix, 
is given by52
I+ ia ; [ K I(x-’ - x J ) + 20o(0 - 0o)] ia J [K :(xy -x ,y l,)+(0<p-0..((),)-ip,(0-9o)] a , ( 0 - 0 o)
~ a 2 [K :(xy-x,y,)+(0cp-0,9,)-20,(<p-<(),>)] I —^a;[K !(yJ — yj) + 2tp„((p — <p0)] a 0(«p-(p0)
- a o(0-0„) - a ,(p - (p 0) l - i a j [ 0 ’ -0J +<p: -ipj]
\  Z  J
(2.27)
In the spin matrix ao =  1 + ^ 7 . Unlike the dipole where only two components of the spin 
mix due to spin precession, all three components of the spin now mix. This complicates 
the analysis tremendously. In the purely coplanar case the induced polarization can still 
be extracted by equation 2.23, however the spectrometer always has a finite out-of-plane 
acceptance. The influence of these effects can only be estimated with theoretical models, 
because it introduces more degrees of freedom than are measured. This will be discussed
52 The solution presented in the NIM paper by Nurushev has some typographical errors that are corrected here, 
note especially the M 3 3  term.
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at length in Chapter 5. Experiments should take note of this problem and account for 
its effects. From the analytical solution it can be seen that the mixing effect grows with 
the target length and acceptance of the spectrometer. It also grows with the energy o f the 
proton. All o f these point to a need to understand and control this effect for experiments 
using spin degrees of freedom.
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Experimental Setup
As described in the first chapter, this experiment measured the induced polarization, Pn, o f 
a proton ejected from a carbon nucleus by interacting with a virtual photon. These virtual 
photons were produced by accelerating electrons to an energy of 579 MeV Subsequently, 
they are scattered from protons in a carbon target. The scattered electrons and knocked- 
out protons were detected in coincidence by separate spectrometers. The polarization of 
the protons were then measured by a focal plane polarimeter (FPP). The two magnetic 
spectrometers used for detection were developed over the course of a 15 year period and 
have previously been documented in a series o f Bates Ph.D. theses53. This chapter will 
describe the experimental setup that was used for the series o f experiments done with 
the FPE It includes sections on each of the elements mentioned above: the accelerator, 
the spectrometers, the polarimeter, their associated electronics, and the data acquisition 
system.
53 The first two experiments to use MEPS and OHIPS in coincidence are detailed in 
R.W Lourie, Ph.D. Thesis, MIT (1986), unpublished;
EE. Ulmer Ph.D. Thesis, MIT (1987), unpublished.
51
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3.1 The Accelerator
This experiment was performed at the M.I.T./Bates Linear Accelerator Center in Middle­
ton, Massachusetts during the months o f February and March of 1995. Calibration runs 
in December 1993 and March 1994 were also performed as well. The layout of the accel­
erator is shown in figure 3.1. Elements o f note are the recirculator, the South Hall Ring, 
and the three experimental areas.
rr
SATES LINEAR ACCELERATOR CENTER
Figure 3.1: MIT/Bates Facility Layout.
The Bates laboratory is a linear accelerator (linac) which can produce high intensity 
(—'50 mA peak current) polarized and unpolarized electron beams of up to 1 GeV The 
recirculator is necessary for energies greater than 0.5 GeV The linac produces beam pulses 
at a repetition rate o f600 Hz with a duration of 12-17 /zsec, resulting in the l% duty factor 
of the accelerator The South Hall Stretcher Ring, which is currently under construction,
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will make an effective duty cycle of 85% possible for future experiments, however, the 
extraction of electrons from the ring was not available for this experiment.
Three experimental areas, the 14° area, the North Hall and the South Hall are available 
to receive the electron beam from the accelerator for performing experiments. The 14° 
area is now used mainly for irradiation of target materials (i.e. for SLAC experiment 
E l42). The North Hall (the lab’s first experimental hall) was being used by SAMPLE54- 
, an experiment measuring parity violation in elastic electron scattering from the proton, 
during the time of this experiment. The South Hall is the largest of the three experimental 
areas and houses three large momentum-selecting spectrometers55. Presently, four Out-of- 
Plane-Spectrometers56 (OOPS) are also being added to the experimental apparatus in the 
South Hall.
3.1.1 Beam Line B
From the switchyard, the beam traverses beam line ’B’ to reach the South Hall where this 
experiment was performed. This section will describe the relevant parts of the beamline 
shown in figure 3.2.
The first major element to note is the Energy Compression System (ECS) Chicane. 
The ECS will be discussed in more detail in the next section. Three beam toroids (BT1, 
BT2, BT3) were used to measure the integrated beam current. BT1 and BT2 were inhibited 
during the dead time associated with the data acquisition system. Consequently, they were
54 SAMPLE stands for Singlet Anomalous Magnetic moment of the Proton using Longitudinal Electrons; for 
a description see Bates Proposal #8906, D. Beck and R. McKeown contact persons.
55 They are the One-Hudred-Inch-Proton-Spectrometer (OHIPS), the Medium-Energy-Pion-Spectrometer (MEPS), 
and Big-Bite.
56 For a description of the OOPS project see Bates Proposal #8709, C. Papanicolas contact person.
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Figure 3.2: Beam Line B 
used to measure the charge on a pulse-by-pulse basis. The redundancy also provided an 
in situ cross check o f the beam charge. The third beam toroid, BT3, was used as an 
uninhibited measure of the total charge. The output signals from BT1 and BT2, which are 
directly proportional to the amount of charge, were amplified and then sent to an Analog 
to Digital Converter (ADC). The ADC was read out at the end of each uninhibited beam 
pulse. The output from BT3 was also amplified but it was directed instead to a Brookhaven 
Instrument Company current integrator The output of the current integrator was sent to a 
scaler and also displayed in the South Hall Counting Bay.
In tandem with the toroids were two beam position monitors denoted BXY1 and BXY2 
in figure 3.2. They provided information on the position and angle o f the beam at the target 
and were mainly used for beam steering and adjustments by the linac operators. Before the
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experiment, the toroids and beam position monitors were calibrated. Consistency checks 
were performed during and after the experiments. Long term accuracy for these systems 
did not deviate by more then 0 .2 % during the carbon experiment.
Prior to the entrance o f the South Hall is the Moller polarimeter which measures the 
polarization of the incident electrons. Because this experiment utilized unpolarized elec­
trons, this polarimeter was not used for this part of the FPP program. In the South Hall 
itself, the beam line passes through the target chamber This assembly holds the target 
ladder with the carbon target as well as BeO and blank target cells used for diagnostic 
purposes. A cryogenic target, the Basel loop57, was also available but was not used for 
this experiment. A remote computer allowed the selection of appropriate cells in the tar­
get ladder. Pivoting around the chamber are two spectrometers, the Medium Energy Pion 
Spectrometer (MEPS), and the One Hundred Inch Proton Spectrometer (OHIPS). Also lo­
cated there is a photomultiplier tube (PMT) to monitor the beam halo or beam spraying 
from the target. The beam dump is located at the end of beam line B.
3.1.2 Beam Energy Calibration
There were two methods used to determine the incident beam energy. The first method in­
volved the use of the ECS chicane (see fig. 3.2). The energy-defining slits in the chicane 
was set to 0.3% for the experiment58. By using the average magnetic fields o f the four 
dipole magnets59, which have been systematically mapped, the beam energy can be de­
termined to within 0.31%“ . This was recently confirmed by a measurement o f the beam
57 L. B. Einstein, The MTT-Basel Liquid Deuterium Target System, Bates Technical Report #92-01.
58 S. Bradley, private communication.
59 K. Dow and M. Farkhondeh, Mapping o f the ECS Chicane Dipoles, Bates/South Hall Ring Note 92-07.
60 G. Luk and J. Flanz, Preliminary Design Parameters for an Energy Compression System at Bates, South
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energy via spin precession in the South Hall Ring61. The ECS allowed an accurate de­
termination of the beam energy to be made throughout the duration of the experiment.
2.0x10' Gaussian Fit
Centriod =  578.23 MeV 
FWHM =  52.689 MeV
1.5x10'
5 1.0x10'
5.0x10
0.0
300 350 400 450 500 550 600 650 700 750 800
Beam Energy (MeV)
Figure 3.3: Histogram of beam energy as calculated by the opening-angle method.
As a cross check of the ECS, a second technique was implemented by Justin McIn­
tyre that involved the scattering angle of the electron and proton in coincidence hydrogen 
elastic scattering. The beam energy can be calculated by the following relationship62
E/heam. — 2 A fD
sin 9t (sin 9p — sin#t)
-o-------------- (3.1)
(sin 9P — sin 9t) — sin2 9e
where 9P is the proton scattering angle, 9e is the electron scattering angle, 9t is the sum of 
9P and 9e, and Mp is the mass of the proton. The graph in figure 3.3 shows the measured 
beam energy from this technique. It should be noted that this method measures the beam 
energy at the center of the target. To compare with the ECS chicane energy, losses due to
Hall Ring Technical Report #88-06.
61 T. Zwart, private communication.
62 for a more complete discussion see D.V Jordan, Ph.D. Thesis, MIT (1994), unpublished.
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Figure 3.4: Diagram o f MEPS with focal plane array, 
straggling in the target had to be taken into account as well, however, these losses were 
less than 1 MeV for this experiment.
3.2 Electron Spectrometer
The scattered electron was detected by MEPS or the Medium Energy Pion Spectrome­
ter. MEPS is equipped with two focusing quadrupole magnets followed by a split dipole 
magnet (QQSD) with a 110° vertical bend. A schematic diagram of the major magnetic 
elements of MEPS and the components of the focal plane array is shown in figure 3.4. 
The current settings for the magnets are controlled via a computer terminal located in the 
South Hall Counting Bay. The magnetic field of the dipole is measured using an internal 
784M39 Rawson-Lush Hall probe with an accuracy of 0.01%. A probe is not available 
for the quadrupole magnet, but to a good approximation the fields scale linearly with the
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current. Originally, MEPS was designed to be a pion spectrometer. Because it was op­
timized for pions, it has a modest maximum momentum of 414 MeV/c. This limitation 
must be accounted for in the design of an experiment. Optically, MEPS was designed 
to be point-to-point in the bend plane i.e. along the momentum dispersion direction and 
parallel-to-point transverse to the bend plane. A 2.0 inch thick lead collimator with an an­
gular acceptance of 14.0 msr (128 mr horizontal by 109 mr vertical) was used to define 
the solid angle for this experiment. The drift distance (defined as the distance from the 
target to the front o f MEPS) is set to 43.7 cm for a total flight path o f 5.144 m to the focal 
plane. During the calibration runs, the spectrometer was extensively retested. Also a thor­
ough optics study was undertaken with a sieve slit (Chapter 4 contains more information 
on the matrix elements obtained from the sieve slit). Table 3.1 lists some of the properties 
of MEPS. The MEPS Design Report63 contains a more thorough description of MEPS. 
This section discusses the MEPS focal plane detector array and associated electronics.
Maximum Momentum 414.0 MeV/c
Momentum Resolution 5.0 x 10" 4  FWHM
Momentum Acceptance 2 0 %
Angular Range 35.0° -  140.0°
Maximum Solid Angle 35.0 msr
Angular Acceptance
Radial (8) 140.0 mr
Transverse (<p) 240.0 mr
Radius of Curvature 0.75 m
Flight Path 5.144m
Bend Angle 1 1 0 .0 °
Table 3.1: MEPS Parameters
63 K.I Blomqvist, MEPS Design Report, Bates Internal Report #78-02.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Chapter 3: MEPS Scintillator and Cerenkov Detector 59
3.2.1 MEPS Focal Plane Array
The MEPS focal plane array consists o f three scintillator planes, a crossed vertical drift
V
chamber (VDCr), and an Aerogel Cerenkov detector The three scintillator planes are used 
to generate an initial single-arm scintillator trigger or MEPS Pilot. This signal carries the 
timing fiducial for a candidate event. The VDCx reconstructs the position and angle of the 
particle at the focal plane; the Aerogel is used for particle identification. The following 
sections describe each of these elements in detail.
3.2.1.1 MEPS Scintillator and Cerenkov Detector
Each scintillator plane in MEPS, labeled MSO, MS3, and MS4, is made of NE-110 plas­
tic scintillant material (table 3.2 lists the scintillator dimensions) and has two RCA8575 
photomultiplier tubes attached via Lucite light guides. The light guides for MS3 and MS4 
are attached on each end, allowing for meantiming64 of signals. The light guides for MSO 
are attached side by side. The MEPS pilot is defined as a coincidence between all three 
scintillator planes and is used to signal the passage of a particle through the spectrometer.
Scintillator Width Length Thickness
MSO 17.8 cm 58.4 cm 6.4 mm
MS3 20.3 cm 91.0 cm 3.2 mm
MS4 20.3 cm 91.0 cm 3.2 mm
Table 3.2: MEPS Scintillator Dimensions
Discrimination between electrons and pions is accomplished by the use of the Cerenkov 
detector. A schematic of the detector is provided in figure 3.5. The detector is composed 
of a silica Aerogel material with an index of refraction (n) of 1.05. A particle will emit
64 A meantimer is a device that calculates the average time of two input signals.
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Figure 3.5: A schematic of the physical layout of the aerogel detector.
V
Cerenkov light if its velocity exceeds the speed of light in the medium (vc),
vc = c/n. (3.2)
By equation 3.2, a particle with a velocity at or above 95% of the speed of light in the
V
material will produce Cerenkov light. With this index of refraction, at or below the maxi-
V
mum momentum of MEPS (414 MeV/c), pions will not emit Cerenkov light, but electrons 
will. This light is directed into a light diffusion cavity located above the aerogel material. 
Ten photomultiplier tubes, either RCA 8845’s or EMI 9823’s, are used to gather the light 
from the diffusion unit. To prevent spurious signals, the entire assembly is surrounded by 
//-metal to shield the PMT’s from the magnetic field of the split dipole.
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3.2.1.2 The MEPS VDCx
The MEPS VDCx is composed o f two parallel multi-wire vertical drift chambers tilted 
at approximately 45° from horizontal. Each chamber contains 128 signal wires. The 
chambers are crossed with respect to one another and isolated by a sheet of aluminized 
mylar. Each chamber also has its own high voltage power supply. For optimal efficiencies, 
a mixture of equal parts Isobutane and Argon gas is used with a nominal operating voltage 
of -9.0 kV The signal wires, made from 20 fim  gold-plated tungsten, are spaced 4.23 mm 
apart. Guard wires, made from 50 fj,m of beryllium-copper, are located in between each 
signal wire to provide field shaping.
Particle Trajectory
Aluminized 
/Mylar PlanesField lines
Figure 3.6: Idealized ionization path for the MEPS VDCx. The distance between the 
signal wires (dw) is 4.23 mm and the effective chamber width (dc) is 12.00 mm. The 
guard wires have been suppressed for simplicity.
Figure 3.6 shows an idealized trajectory through the VDCx. A charged particle travel­
ing though the drift chamber strips electrons from the argon atoms. The released electrons 
are accelerated towards the signal wires by the high operating potential. These electrons 
ionize other argon atoms thus causing an avalanche effect near the signal wires, where the
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resulting signal is detected. The maximum drift time of the released electrons to the sig­
nal wire is approximately 250 ns. By measuring drift times on adjacent activated wires it 
is possible to reconstruct the trajectory of the particle through the chamber and calculate 
the focal plane coordinates (X f, Of, yf , <pf ), where Xf (y f) is the position of the particle 
along (transverse to) the momentum dispersion direction, and 6 /  is the angle the par­
ticle trajectory makes with the x  (y) plane and the central ray65. Using these coordinates 
and the optical properties of MEPS, reconstruction of the target coordinates (yt, 0t, 0 £) is 
possible. The Bates internal report by Dan Caditz66 can be consulted for a more detailed 
description of the VDCx.
3.2.2 MEPS Electronics
The detectors in the MEPS focal plane array are instrumented using N1M67 and C AMAC68 
standard electronics. The scintillator electronics and generation of the MEPS pilot is dis-
V
cussed first, the Aerogel Cerenkov detector circuit is covered next and a description of the
VDCx DCOS system concludes the section.
3.2.2.1 MEPS Pilot
The two analog signals from each of the three scintillator planes are first discriminated. 
The geometric configuration of MS3 and MS4 allow the two discriminated signals from 
each plane to be meantimed, producing signals, MS3MT and MS4MT. This procedure 
produces a signal that is independent of where the electron actually hit the scintillator to 
within ±0.5 ns, the intrinsic resolution o f the meantimers. The side-by-side configuration
65 W Bertozzi et al., Nucl. Inst Method 141 (1977), 457.
66 D. Caditz, The Theory and Design ofMulti-Wire Drift Chambers, Bates Internal Report #85-04.
67 NIM stands for Nuclear Instruments Module
68 CAMAC stands for Computer Automated Measurement and Control
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of the photomultiplier tubes for the MSO plane makes it necessary to logically OR the two 
discriminated signals, resulting in MSOOR.
The coincidence between these three signals (MS3MT, MS4MT, and MSOOR) produces 
the MEPS Pilot. MS3MT is delayed so that it always defines the timing of the pilot. 
The pilot is then sent to OHEPS where it is scaled, digitized through a Time-to-Digital 
Converter (TDC), and used to form the coincidence signal between the two spectrometers. 
To check for a failure in the electronics, the same electronics was instrumented in the South 
Hall Counting Bay to produce an “upstairs” version of the MEPS Pilot. A visual counter 
compared the number of pilots produced by the upstairs and downstairs electronics.
The six analog scintillator signals as well as MS3MT, MS4MT and MSOOR are also 
sent directly to the South Hall Counting Bay from the electronics platform on the back of 
MEPS. Because of signal degradation, all nine signals are amplified using LeCroy 612A 
Linear Amplifiers before they are sent to the counting bay. Once there, the signals are 
used to produce the upstairs version of the pilot. Subsequently, the signals are delayed by 
1250 ns69 before the analog signals are fanned out by LeCroy 428A Linear Fan-out (LFO) 
modules. One output o f the fan-out modules is directed to a LeCroy 2249A Analog-To- 
Digital Converter (ADC). The other output is discriminated before being sent to a LeCroy 
2551 Scaler and a LeCroy 2228 TDC. Figure 3.7 summarizes the electronics for the MEPS 
Pilot.
3.2.2.2 MEPS Aerogel Electronics
Like the scintillator signals, the analog signals from the MEPS Aerogel photomultiplier
69 The reason for this delay is discussed in section 3.4.2.
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Figure 3.7: MEPS Pilot Logic
tubes are amplified and then sent upstairs to the South Hall Counting Bay. In the counting
bay the Aerogel signals are also delayed by 1250 ns and fanned out using Linear Fan Out
modules to an ADC. The signals are then discriminated, digitized via a TDC, and scaled
in CAMAC. An additional output from the fan-out modules is used to create an analog
sum of all of the Aerogel signals (MASUM). The analog sum is attenuated then digitized
via an ADC. An additional copy of the signal is discriminated and directed to a TDC and
a scaler. The electronics is summarized in figure 3.8.
3.2.2.3 MEPS VDCx Electronics
The MEPS VDCx is instrumented with the LeCroy 4290 Drift Chamber Operating System 
(DCOS) which replaced the older TIRUS70 (Time Interval Readout Using Scalers) system.
70 J.H.J. Distelbrink anf B.H. Cottman, Nucl. Inst Meth., 217 (1983), 351.
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Figure 3.8: MEPS Cerenkov Electronics.
This system consists of LeCroy 2735 Amplifier-Discrirninator cards (A/D cards), 429 IB 
TDC’s, a 4298 System Controller and a 4299 Databus Interface. Figure 3.9 displays the 
various components comprising the DCOS system.
Each wire in the VDCx is connected to ECL twisted-pair cable via circuit traces applied 
on the chamber itself. These shielded ECL cables are then routed to individual A/D cards. 
These cards have a variable discriminator threshold which can be set from the counting 
bay. The nominal voltage used during the experiment was -2.2 V The output of each A/D 
card is then digitized via a TDC. Because each wire is connected to a TDC, this system 
allowed accurate drift time information to be gathered for every wire which fired during
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an event. This also allows the system to identify multiple particle trajectories which can 
be rejected later in software. The many TDC functions are controlled by the LeCroy 4298 
System Controller. It operates the TDC’s in common stop mode by distributing a common 
stop signal. It reads the channel and time information from each TDC. It remotely tests and 
calibrates the slopes and pedestals of each individual TDC channel. Finally, the System 
Controller also resets the TDC’s after an event in ~300 ns. The 4299 Databus Interface 
serves as a buffer between the System Controller and CAMAC data acquisition system.
3.3 The Proton Spectrometer
The ejected proton was detected by OHIPS or the One Hundred Inch Proton Spectrome-
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Figure 3.10: Schematic of OHIPS
ter. By using the focal plane polarimeter (FPP), the polarization of the scattered protons 
can also be determined. OHIPS is a high-momentum spectrometer consisting of two fo­
cusing quadrupole magnets followed by a dipole magnet with a 90° vertical bend (QQD). 
A schematic diagram of the magnetic elements of OHIPS and the components of the focal 
plane array is shown in figure 3.10. The current settings for the magnets are controlled in 
the South Hall Counting Bay via the same computer terminal which controls the MEPS 
magnets. As with MEPS, the magnetic field of the dipole is measured with a 784M39 
Rawson-Lush Hall Probe with an accuracy of 0.01%. The fields of the quadrupole mag­
nets are also assumed to scale linearly with the currents. Optically, OHIPS was designed 
to be point-to-point in the bend plane i.e. along the momentum dispersion direction and 
point-to-point transverse to the bend plane. During data-taking, a lead collimator with an 
angular acceptance of 7.0 msr (44 mr vertically by 160 mr horizontally) was used to de-
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fine the solid angle. The drift distance from the target to the front o f Q1 was set at 1.6 m 
for a nominal total flight path of 9.3 m to the focal plane. The Ph.D. thesis of Bill Turley71 
contains a more detailed description of both the physical and optical properties o f OHIPS.
The incorporation of the FPP into the detector package of OHIPS required major mod­
ifications. The shielding hut was completely reengineered and enlarged. The shielding 
itself was bolted into place to minimize vibration during angle changes. An air condition­
ing unit was added to the hut to provide control of temperature and humidity. This greatly 
enhanced the performance o f the wire chambers as well as their associated electronics. A 
new support structure was built to hold the FPP and the existing detector package. This 
support structure improved the alignment of the polarimeter and VDCx relative to the di­
pole. The electronics platform was enlarged to accommodate the additional electronics on 
the back of OHIPS. Finally, a railing and a new ladder was built to assure the safety of the 
experimenters.
Table 3.3 summarizes the properties o f OHIPS. The remainder o f this section details 
the focal plane array and their associated electronics systems. The FPP will be described 
separately in section 3.3.3.
3.3.1 OHIPS Focal Plane Array
The OHIPS focal plane array consists o f three scintillator planes and the VDCx. The 
three scintillator planes are used to generate the single-arm timing signal or the OHIPS 
pilot. The VDCx gives position and trajectory information at the focal plane. Unlike
71 R.S. Turley, Ph.D. Thesis, MIT (1984), unpublished.
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Maximum Momentum 1300 MeV/c
Momentum Resolution 1.4xl0~a FWHM
Momentum Acceptance ±5.8%
Angular Range 19.0°-140.0°
Maximum Solid Angle 14.0 msr
Angular Acceptance
Radial (0) 245.0 mr
Transverse (<f>) 57.0 mr
Radius o f Curvature 2.54 m
Flight Path 9.3 m
Bend Angle 90.0°
Table 3.3: OHIPS Parameters
V
MEPS, OHIPS is not equipped with a Cerenkov detector due to a lack of space. However,
the 7r+ background for the FPP experiments is minimal. Further, pions are kinematically
eliminated for real coincidence events. The following sections discuss each component in
more detail. Figure 3.11 shows a schematic of the focal plane array and the FPP.
3.3.1.1 OHIPS Scintillators
Referring to figure 3.11, the first scintillator plane, called OSO, sits directly above the 
VDCx. The middle scintillator plane, called FS1, is situated before the first chamber of 
the FPP. The back scintillator plane, because of the large area that needs to be covered, 
is actually three separate overlapping scintillators FS2AB, FS2CD, and FS2EF. The back 
two scintillator planes were installed as part of the FPP package. All three scintillator 
planes are made of NE-110 plastic scintillant material. Table 3.4 lists the dimensions of 
each scintillator. The front two planes have Lucite light guides connecting their ends to 
photomultiplier tubes. Because of space constraints at the top of the shielding hut, the 
back three scintillators use Lucite fibers. All of the scintillator signals are directed to 
Phillips 8875 photomultiplier tubes. An OHIPS pilot is defined as a coincidence between
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Vacuum Box
Figure 3.11: A schematic of the OHIPS focal plane array and the FPP. 
the signals from OSO, FS1 and one of the scintillators in the back plane.
3.3.1.2 OHIPS VDCx
The OHIPS VDCx is very similar to the MEPS VDCx. It also consists of two crossed 
wire planes separated by 3.81 cm and tilted by approximately 45° from the horizontal. 
The main differences are the number o f wires read out and the system which reads them.
The OHIPS VDCx uses an older four delay-line system to read out only 110 signal wires 
per chamber (DCOS reads out 128 per chamber). These delay lines allow measurement 
of the drift times on only four wires per plane. From these drifts times x, y, 6, <j) can be 
calculated (see section 4.3 for more detailed information).
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Scintillator Width Length Thickness
o so
FS1
FS2(AB,CD,EF)
20.3 cm 
37.1 cm 
145.0 cm
65.0 cm
71.0 cm
32.0 cm
5.0 mm
6.0 mm
13.0 mm
Table 3.4: OHIPS Scintillator Dimensions.
On each plane, every signal wire is connected to a MVL100 amplifier/discriminator 
card (A/D). Every fourth A/D card is daisy-chained together by a fixed length lemo cable 
of propagation time r  =  2.2 ns. This results in each of the delay lines having 27 or 28 
A/D cards linked together. Figure 3.12 shows the layout o f this system. The wire that is 
hit can be discerned by measuring the arrival time of signals at each end of a delay line. 
These times, £i and £2 , can be solved in terms of the total drift time (£*.) by
£1 =  (n -  1) r  +  £*., and £ 2 =  (N  -  n) r  +  tdr (3.3)
where N  is the total number of wires connected to a particular delay line. Simple algebraic
manipulation results in the following equation for the wire number (n) and t dr
(ti -  £2 ) +  (N  +  1) r  (£x +  £2) -  (N  -  1 ) r
n = ------------—------------, and tdr = --------------------   . (3.4)
TDC’s, operated in common start mode, are used to measure £1 and £2 for all eight delay 
lines (four delay lines per plane). Separate values for n  and tdr, using equation 3.4, are cal­
culated in software for each event. The results for each deiay line are then sorted together 
to form the hit pattern on signal wires for each chamber A good track in a single wire 
plane is defined as three or four consecutive wires firing. The word good is used loosely 
as there are several other tests that the event must pass before it is considered acceptable 
for further analysis.
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Figure 3.12: OHIPS Delay Line Readout System
3.3.2 OHIPS - Scintillator Electronics and Pilot
In past experiments, the bulk of the electronics processing for the OHIPS scintillators was 
done in the South Hall Counting Bay. Because of the expanded electronics platform built 
on the back of OHEPS for the coincidence trigger electronics (section 3.4) and the re­
quirements o f the small angle rejection electronics (section 3.3.3.4), the processing of the 
scintillator signals were performed on the back of OHIPS. The ten analog outputs from 
the scintillators are fanned out using Linear Fan-Outs (LFO’s). An output from each LFO 
is connected to a LeCroy 2249A ADC through 1300 ns72 o f RG-58 cable. A second out­
put from each LFO is discriminated. Subsequently, these discriminated timing signals are
72 Again, the reason for this delay is explained in section 3.3.3.4.
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scaled and digitized (in TDC’s). The two discriminated timing signals from each scintilla­
tor are also sent to mean timing units which produce five meantimed signals (one from each 
of the front two scintillator planes and three from the back plane). Stability of the mean- 
timed signal is, as for MEPS, limited to ±0.5 ns. These five meantimed signals, OSOMT, 
FS1MT, FS2ABMT, FS2CDMT, and FS2EFMT, along with the ten discriminated signals 
from the phototubes are cabled to a Phillips 761 ECL/NIM level translator to convert 
them from NIM signals to ECL signals. This conversion is necessary to allow for further 
processing in the programmable CAMAC modules. The ECL output from the transla­
tor is first routed to a LeCroy 4418 Programmable Delay Unit. This module serves two 
purposes. First, it acts as a programmable delay unit allowing individual channels to be 
delayed by up to 30 ns. Second, it is used as a fan-out unit. The outputs from the delay 
units are sent to a LeCroy 4434 scaler, a LeCroy 4300B/4303 FERA/FERET TDC, and a 
LeCroy 2365 programmable logic unit. This logic unit is then used to generate the OHIPS 
pilot.
The operation of these units allows the logical manipulation of up to 16 ECL channels 
and provides dual 8  channel ECL outputs. Because they can be remotely programmed 
it is possible to alter the internal logic, thereby adding, deleting, or changing the timing 
property of any scintillator signal, without requiring an access into the experimental hall. 
Such accesses typically use 30 minutes and are avoided if at all possible. Under normal 
operating conditions, the logic was set so an OHIPS pilot was generated by the coincidence 
of a signal from all three planes of scintillators. This meant that the programmable logic 
unit is set up to logically OR the three back scintillators (FS2ABMT, FS2CDMT, and
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FS2EFMT); this output is then redirected to the input side of the logic unit where the 
logical AND is formed with the meantimed signals from the first two scintillator planes, 
FS1MT and OSOMT. The signal from FS1MT is sufficiently delayed to ensure that it 
always provided the fiducial timing for the output signal, the OHIPS Pilot. Figure 3.13 is 
a diagram of the electronics used to generate the OHIPS pilot.
■a- FS2EMT1 
•*- FS20R
OSOMT
FS1MT
,OHIPS Pilot (OPI) 
~ To Lvl I
FS20Ri
From End Inhibit
Figure 3.13: OHIPS Pilot Logic 
3.3.3 The Focal Plane Polarimeter
The Focal Plane Polarimeter (FPP, shown in figure 3.11) was designed, built and tested 
specifically for OHIPS over the course of six years. Three universities, the Massachusetts 
Institute of Technology (MIT), the University of Virginia, and the College of William and 
Mary, were mainly responsible. Appendix B provides the full list o f collaborators on
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the project. MIT was responsible for the design and construction of the space frame and 
provided lab space and labor to build the six multi-wire proportional chambers (MWPC’s). 
The University o f Virginia was responsible for building the MWPC’s, their associated 
electronics, and overall coordination o f the project. The College of William and Mary 
provided the coincidence trigger electronics and the scintillators. Calibration of the FPP 
with polarized protons was carried out at the Indiana University Cyclotron Facility (IUCF) 
during February 1993. This section covers the design of the FPP the electronics used 
to instrument the wire chambers, the small angle rejection electronics, and the multi-hit 
electronics.
3.3.3.1 FPP Design
The Focal Plane Polarimeter measures the proton polarization by rescattering the proton 
in a graphite analyzer sandwiched between two small MWPC’s and two large MWPC’s. 
It was designed to be capable o f being used in a variety of kinematical situations. This 
necessitated that the polarimeter satisfy four requirements73:
(1) Resolution of the scattering angle in the graphite analyzer o f  ^  1°.
(2) Rejection of small-angle scattering (<  5°) in less than 1 /xs.
(3) Complete azimuthal coverage of scattering events with a 10% momentum acceptance 
and 2 0 ° scattering angle in the analyzer
(4) Suitable for extended target lengths o f up to 10 cm.
73 R.W Lourie et al., IUCF Scientific and Technical Report, 135 (May 1992 - April 1993).
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Requirements #1, #3, and #4 set the dimensions o f the MWPC’s and their wire spacing.
Requirement #2 was fulfilled by the electronics used to instrument the FPP. This required
two functions to be performed rapidly. The first and primary function is to provide readout
of the 2,112 signal wires. The second function is the rapid generation of preliminary
readout information so that two tests can be performed in hardware. The Small Angle
Test uses the wire number information to determine events which scatter with an angle
greater than 5°. Because of the long time required to completely acquire the data for each
event, the Multi-Hit Test rejected events which had more than 3 hits in any wire plane.
Both of these tests are used in the coincidence trigger electronics as criteria for accepting
and rejecting events.
3.3.3.2 FPP MWPC and Analyzer
In operation, the Multi-Wire Proportional Chambers are very similar to the VDCx: cham­
bers. The major difference is that the MWPC’s only register the presence of a hit(s) on 
the wire plane. Drift time information is not recorded. This has the advantage of increas­
ing the speed of operation with some loss of position resolution. Another difference is the 
absence of guard wires in the proportional chambers.
The chamber frames are made of G10 fiberglass which is 1.27 cm thick for the large 
chambers and 0.64 cm thick for the small chambers. Each MWPC consists of 7 planes of 
G10. Planes 1 and 7 are gas windows made of 1 mm thick mylar: Planes 2 and 6  are single­
sided 0.25 mm aluminized mylar. Planes 3 and 5 are the X and Y wire planes respectively. 
Plane 4 is 0.25 mm double-sided aluminized mylar used to separate the X and Y planes 
and provide a high voltage plane. The signal wires are made from gold-plated tungsten
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Chamber Small Large
Length 74.0 cm 148.0 cm
Width 38.0 cm 93.0 cm
Wire Spacing 2 . 0  mm 4.0 mm
Operating Voltages 4.7 kV 4.8 kV
Number of Wires
X-Plane 336 336
Y-PIane 176 208
Table 3.5: Multi-Wire Proportional Chamber Parameters, 
strands, 20 ym  in diameter The relevant parameters of the chambers are listed in table 
3.5.
The proportional chambers sandwich the analyzer to measure the trajectory of the pro­
ton before and after scattering in the graphite. It is not a single slab of carbon, rather many 
small pieces stacked together. Consequently, the thickness can be varied from 0.5 to 30 
cm to cover a range of proton energies (100-800 MeV). The distance between the front 
X-chambers (XI, X2) and the front Y-chambers (Yl, Y2) is 15 cm. Because of the vary­
ing thickness o f the analyzer the distance between X3 (X4) and Y3 (Y4) is variable from 
25-45 cm. Spare front and back chambers were also built. Both of these chambers were 
required in the course of the commissioning activities. Fortunately, failures of the wire 
chambers did not occur during the data taking for the carbon data. The improved align­
ment provided by the support frame did alleviate any checkout that was necessary due to
changing a chamber.
3.3.3.3 MWPC Electronics
The MWPC is instrumented with the LeCroy Proportional Chamber Operating System 
EH (PCOS HI) which is much like the DCOS readout system (figure 3.14). The system
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Figure 3.14: Schematic of the PCOS Electronics, 
uses the same LeCroy 2731 Amplifier/Discriminator (A/D) cards as DCOS. It also utilizes 
the LeCroy 2731 Delay and Latch modules, PCOS HI 2738 Crate Controllers and a 4299 
Databus Interface. As with DCOS, each wire o f the FPP is connected via shielded ECL 
twisted-pair cable to an A/D card. These cards have a variable discriminator threshold 
range of -7.65 V to 0 V The nominal operating threshold is -4.5 X however, the voltage 
had to be adjusted carefully for uniform efficiency from the wires. The output from these 
cards are then wired to the ECL inputs of the Delay and Latch modules. These modules 
provide the A/D cards with the discriminator threshold level. They also have a ripple- 
through delay that can be varied from 300-600 ns for each channel. Both o f these functions 
are controlled remotely via computer. This allowed most problems to be fixed remotely. A 
common problem that could not be fixed remotely was dead wires. Usually these resulted
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from the A/D cards not being properly seated to contact the signal wires.
The LeCroy 2738 PCOS EH Crate Controller manages the Delay and Latch Modules 
(DLM’s) in each CAMAC crate. It allows for rapid readout and data compaction of the 
outputs from the DLM’s. It also distributes the El signal from the coincidence trigger to 
all of the DLM’s. The E1 sets the time gate that tells the DLM’s when to “latch” any signal 
that comes to them. Six CAMAC crates are used to instrument the eight wire planes of 
the FPP. Planes XI, X2, Y l, and Y2 each have their own crate. The X3 and X4 planes 
shared a crate as did the Y3 and Y4 planes. The crate controllers provide several outputs. 
Some of these are used by both the Small Angle Rejection electronics and the Multi-Hit 
electronics. The outputs consist of a 10 bit wide Prompt Data Bus, a crate identifier bit, 
which identifies whether the wire plane data is from X3/X4 or Y3/Y4, and finally, a Data 
Ready signal, which indicates that the crate controller has data to transmit. The output 
of the six crate controllers are daisy chained together with the cables containing the wire 
signals. The data bus from the last crate is then plugged into the Databus Interface which 
operates as a buffering device between the data acquisition system and the PCOS system. 
The reset time for this entire system is 100 ns which makes the fast small-angle rejection 
system possible.
3.33 .4  Small Angle Rejection Electronics
As described in Chapter 2, approximately 95% of the events in the carbon analyzer scat­
ter at too small an angle to be useful. The small angle rejection electronics o f the FPP 
performs a hardware rejection of these multiple Coulomb scattering events. It is necessi­
tated because of the long readout time of the CAMAC electronics (~  3 beam bursts) and
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Figure 3.15: Schematic of the Small-Angle Rejection System 
the 1% duty factor at Bates. The ability to reject these events in hardware increases the 
amount of useful data written to tape by a factor o f 2 0 .
The small angle rejection electronics utilizes LeCroy ECL 2378 Arithmetic Logic Units 
(ALU) and 2372 Programmable Memory Lookup Units (MLU). The ALU’s receive the 
prompt data bus from the crate controllers. As their names suggest, the ALU’s are capable 
of forming simple arithmetic operations between data words. From the difference in struck 
wire numbers between XI (Yl) and X2 (Y2) and struck wire numbers between XI (Yl) 
and X4 (Y4), the incident and final scattering angles are determined. These differences 
are then routed to the MLU’s which act as pattern recognition units. The MLU’s output 
signals whether the event is recognized as a large angle scattering event The MLU’s
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are programmable and can be set to reject events for any scattering angle less then some 
minimum. The small angle test takes approximately 600 ns to perform including the time 
that it takes to read the wire chamber information. This electronics system, shown in 
figure 3.15, is described in more detail by Lourie et. al.1A.
3.33.5 Multi-hit Circuit
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Figure 3.16: Schematic o f the Multi-Hit Electronics
The Multi-Hit circuit identifies events which have three or more hits in any one chamber. 
They typically result from spurious hits in the proportional chambers or knockout o f addi­
tional particles from the analyzer. Approximately 40% of the data is o f this type. Because 
these events are often not analyzable, the multihit circuit is used to reject these events.
74 R. W Lourie et al., Nucl. Inst Meth., A306 (1991), 83.
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The circuit, shown in figure 3.16, uses a single LeCroy Majority Logic Unit (MALU). 
The Data Ready from each of the six CAMAC crates and the plane bit for X and Y make 
up the inputs to the MALU. The MALU is strobed by a delayed version of the OR be­
tween the X-strobe and Y-strobe. This delay assures that three or more hits could have 
appeared before the MALU performs its test The output o f the test is then used in the 
coincidence trigger electronics for accepting or rejecting events.
3.4 The Coincidence THgger Electronics
The coincidence trigger electronics is schematically broken down into three levels. Fig­
ure 3.17 shows a basic layout o f the entire trigger. Level 1 forms the single arm triggers 
from the two spectrometers (described in previous sections). Level 2 produces the coinci­
dence signal between the OHIPS and MEPS pilots, the prescale signal used for diagnostic 
purposes and the El signal. It also generates the single-arm latch which tells the system to 
hold on to the event information pending the decision to read the data from the third level. 
Level 3 uses the results from the FPP hardware tests, discussed in previous sections, to sig­
nal CAMAC to keep the data from OHIPS and MEPS (called the CAMAC enable) and the 
“event eight” signal (PROMPT8 ) which tells the data acquisition system to read the main 
data event from CAMAC. It also generates the resets for the FPP PCOS and the MEPS 
DCOS systems if the event fails one of the hardware tests and is not a prescale event. A 
more detailed description of the trigger electronics used in this experiment can be found 
in the Bates technical note written by Justin McIntyre and Glen Wbrren75.
75 J.I. Mcintyre and G. V&rren, A Short Guide to the FPP electronics, Bates Technical Note #94-01.
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Figure 3.17: Overview of the Coincidence Electronics.
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3.4.1 Coincidence Ingger Logic Level 2
Level 2 uses the OHIPS and MEPS pilots to generate the single-arm prescale signals, the 
single-arm latches, the coincidence trigger, coincidence prescale signals, and the PCOS/DCOS 
start/stop signals. Figure 3.18 provides a schematic overview o f the electronics for this 
level.
The single-arm prescale signals are used to take data regardless of the outcome o f the 
trigger logic. This is useful for diagnostic purposes as well as for determining cross- 
sections and focal plane efficiencies. They are generated by taking the logical AND of 
a pulse (generated by a Berkeley Nucleonics Corp. 2010 Signal Generator located in the 
South Hall Counting Bay) with either the OHIPS or MEPS Pilot. The placement of the 
signal generators in the Counting Bay allows the experimenters to alter the ratio of good 
events versus prescale events remotely. For the carbon experiment about 5% of the data 
were prescale events.
The coincidence trigger is produced by the logical AND between the two spectrometer 
pilots. The MEPS pilot width is set to 80 ns and the OHIPS pilot width is set to 10 ns. 
This gives a time-of-flight spectrum with a sharp peak superimposed on an 80 ns wide 
background. The coincidence events associated with real (e,ep) scattering are located 
within the peak. The events associated with the broad flat background are accidentals, i.e. 
uncorrelated electron and proton signals. The coincidence trigger is also used to generate 
a coincidence prescale in the same manner as the OHIPS and MEPS prescale signals.
The single-arm latches are generated from either a coincidence trigger or prescale event.
In OHIPS, the latch is used to start the FPP PCOS electronics. It is also used as the El
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Figure 3.18: Coincidence Trigger Logic Diagram Level 2 
signal. The MEPS latch is used to stop the DCOS system.
A copy of all of the signals from the second level is delayed for use in the third level. 
Additionally, all o f the signals that are used and generated are scaled and digitized (via a 
TDC) so that problems can be pinpointed and either solved while taking data or compen­
sated for in the off-line analysis.
3.4.2 Coincidence Trigger Logic Level 3
Figure 3.19 shows the schematic layout of the electronics for level 3. It uses a delayed 
version of the level 2  inputs as well as the results from the small-angle rejection system 
and the multi-hit circuit. Again, the hardware tests are the reason the trigger signals had 
to be delayed by 700 ns or more. This delay is done using a combination of delay cables 
and delay boxes. The author’s first summer in graduate school resulted in some of this
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equipment. After being delayed, the input signals are discriminated. The discriminator is 
inhibited by the Front-End Inhibit signal. This signal is the logical OR of the Hardware 
Blank signal and a 16 msec long pulse generated by a pulse generator. The Hardware 
Blank signals that an event is currently under consideration by the hardware tests. The 
16 msec pulse is the time required to read out all o f the CAMAC and is started whenever 
the trigger decides to acquire an event. This inhibit prohibits the hardware from taking 
another event until the current event has been fully processed.
FPP PASS
MLATMLAT *2
d is c  ;
DISC ;
0 LATCH JLILol_  d is c
Multi-Hit
° lA T C H _ £ S ^ _  d is c  i
FPP PASS 17 993 DISC
Dday
CPS & s m i_  Disc
_Cday.:
To MEPS ADCs Gate and TDCs Stan
MLATCH g g g g ‘_j d i s c  
LCd»J , AND
Event Bit Register f
To OHIPS ADCs Gate and TDCsSu
OHIPS Reset ,
E8
Inhibit
24 usee  Delayed E8 
_EK!inKi—►
MLATCH_JZ£ZSi_ 
42 ' Dday
Multi-Hit' 
MLATCH 42
l-YETQ- -  Hardware Blank
Figure 3.19: Coincidence Trigger Logic Diagram Level 3.
There are two types of events which the trigger accepts. The first type is a good coinci­
dence event. This is defined as the logical AND of the result o f the Small Angle test, the 
inverse o f the Multi-Hit test, and the coincidence trigger. Recall that the Multi-Hit is true 
if the event has a multi-hit. If a good event is generated then the signal is sent to three mod­
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Chapter 3: Experimental Control Electronics 87
ules, a Schlumberger JPU 10 bit pattern register, a TDC and a scaler. The Schlumberger 
module passes on the relevant signals that begin the data acquisition.
The second type of event is the prescale event. First, two signals are created from 
the logical OR of the Small Angle Test, coincidence prescale signal and one of the spec­
trometer prescale signals. These outputs are then joined with the inverse o f the Multi-Hit 
test and the respective spectrometer latch signals via a logical AND. The resulting sig­
nals, called the MEPS and OHIPS CAMAC Enables, are then used to start the TDC’s and 
provide gates for the various ADC’s on the respective spectrometers. The two CAMAC 
Enables are also combined in a logical OR. The output, called the PROMPT8 , is sent to 
the South Hall Counting Bay where it is used by the experimental control electronics to 
signal that an event should be acquired.
The PCOS and DCOS resets are generated if the event is not one of these two types o f 
events. After the generation of the resets, it takes approximately 200 ns before the system 
is ready to process another event. As with Level 2, all the signals used in Level 3 are 
scaled and digitized (in a TDC) for diagnostic purposes.
3.5 Experimental Control Electronics
The decision-making processes for the experiment are performed by the experimental con­
trol electronics. An overview of the electronics is given in figure 3.20. The two most im­
portant decisions the controls perform are whether to inhibit the system from taking data, 
and to signal the data acquisition system to take data.
There are two types o f inhibits used in the trigger electronics, the Hardware Blank and
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Figure 3.20: Experimental Control Electronics, 
the Front-End Inhibit. As described earlier, the Hardware Blank prevents new data from 
being taken while the hardware decisions are being made. Because of the speed of the 
hardware tests, up to ten candidate events may be rejected per beam burst. During each 
such decision, the Hardware Blank prevents the system from taking data. It is created by 
forming the OR between the E l and Prompt8  signals. If the coincidence trigger decides to 
keep the event, the signal is also used to inhibit the rest of the beam burst. The Front-End 
Inhibit prevents new data from being taken during the time it takes to read out an event 
0 "^ 3 beam bursts).
The experimental controls also produce an event 4 trigger and an event 10 trigger. The
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event 4 trigger signals all of the scaler data to be acquired. It is created using a gate-delay 
generator (GDG) and the timeslot trigger. The timeslot trigger is a pulse signal from a 
clock. The logical AND of the GDG and the timeslot produces an event 4 trigger about 
every 12 seconds. The event 10 signal is generated in a similar way with GDG’s and 
signals the computer to read the beam position and current monitors.
3.6 Q Data Acquisition system
The Q data acquisition system, developed at LAMPF76 for the VMS77 operating system, 
was used during this experiment. Q is a general purpose data acquisition system for use 
with a CAMAC system. In conjunction with a micro-programmable branch driver (MBD) 
and a VMS computer operating system, Q is a versatile operating environment for data 
acquisition, analysis, and storage. Some of the features include:
• Input/output routines to retrieve data from tape or disk. During data acquisition a rou­
tine automatically searches for complete runs and copies them to tape. It also signals 
when the tape has reached a certain percentage of its total capacity.
• A parameter subsystem (prm) that allows the user to set specially declared variables 
in the analyzer. These were used to keep track of a variety of information such as 
operating voltages, spectrometer angles, and TDC pedestals.
•  A histogramming package that displays up to three-dimensional representations o f raw 
or calculated data. These histograms can be defined in a special setup file or interac­
tively. Even during data acquisition, unused cpu cycles are used to continuously update 
the histograms for online display.
• A test package that allows the user to set certain cuts or simple logical operations on 
the data. These tests can be used in conjunction with the histogramming system for
76 Los Alamos Meson Physics Facility.
77 Virtual Memory System, developed by Digital Equipment Corporation.
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display of the data.
•  A scaler subsystem that sums the results from the scaler modules to pass on to the 
analyzer. The subsystem also provides a summary of the type and number o f events 
that have been acquired.
Q requires the user to supply subroutines that define the tasks to be performed for each 
event type. More information about the Q system can be found in LAMPF Document 
MP-1-3401-3, Introduction to Q.
Event Number Description
3 Clear and reset CAMAC modules
4 Read out all Scalers
6 Read out Beam Profile Module
8 Read out Main Data
1 0 Read out Beam Charge
13 Read out Target \hlues
Table 3.6: Summary of event types
3.6.1 Inputs to the Q System
The CAMAC modules are initialized, read out, and cleared with a user written Q-program 
(user-defined-name.QAL). The QAL program controls these modules and defines the dif­
ferent event types and their data stream structure. Table 3.6 shows the different event types 
used and their function. Appendix D lists the structure of the data stream for the two main 
event types, Event 8  and Event 4. The user also supplies a FORTRAN program which al­
lows the experimenter to extract useful information from the raw data stream. Figure 3.21 
is a brief layout of the analyzer code and shows all of the major components. The next 
chapter, Data Analysis, covers the function of the analyzer code in more detail.
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Figure 3.21: Analyzer Software Flow Chart.
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Data Analysis
The previous chapter described the experimental setup and data acquisition scheme. Af­
ter the data was taken, extensive work still had to be done off-line before results could 
be extracted. This chapter will describe the analysis of the raw data required for the ex­
traction of the induced polarization. First, a summary of the kinematical information and 
the procedure followed for the experiment is given. Then, the analysis of the information 
from the two spectrometers OHIPS and MEPS, as well as the FPP which measured the 
polarization of the proton, is discussed. The chapter concludes with a discussion of vari­
ous other issues important for the extraction of the polarizations by the polarimeter such 
as time-of-flight corrections, missing energy cuts, the Aerogel cut, false asymmetries, and 
background subtraction.
4.1 Kinematics and Procedure
The data-taking portion of this experiment began on the 14th of February and ended on 
the 7th of March, 1995. Table 4.7 lists the relevant kinematical quantities. The kinemat-
92
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Kin I Kin II Kin III
Ebeam (MeV) 579 579 579
Q2 (G eV/c2) 0.48 0.48 0.48
q (M eV/c ) 756 756 756
uj (MeV/c) 294 294 294
9e (deg) 120.3 120.3 120.3
9P (deg) 22.03 26.62 31.00
Tp (MeV) 265 265 265
Central Precoii (MeV/c) 45 105 163
X (deg) 207.3 207.3 207.3
Table 4.7: Kinematics for carbon experiment
ics were chosen so that both the P3 / 2  and sx/ 2 shells o f carbon were within the acceptance 
of the spectrometers. The electron spectrometer’s (MEPS) angle and field settings were 
kept constant. This fixed the momentum and energy transfer, <7 and u>. Three different 
angles were used for the proton spectrometer (OHIPS). This allowed the experiment to 
sample a recoil momentum range o f0 - 250 MeV/c. Because of the large rest mass o f the 
residual UB system the kinetic energy of the proton was approximately constant across the 
three angular settings. The kinetic energy was chosen to match one of the two data points 
taken with the hydrogen target. This allowed for a study of any false asymmetries arising 
from the apparatus (see section 4.8.2). OHIPS was operated with the rectangular collima­
tor oriented with the long axis horizontal. This gave the maximum acceptance in recoil 
momentum without sampling large out-of-plane angles. The kinematics also selected out 
a favorable precession angle ( x )  for the induced polarization. This kept the mixing be­
tween any longitudinal and normal polarization in the dipole small. The kinematics for 
the experiment were optimized prior to the experiment with the program MCEEP78.
78 EE. Ulmei; MCEEP - Monte Carlo fo r Electro-Nuclear Coincidence Experiments, CEB AF-TN-91 -01 (1991).
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4.2 Raw Scintillator Data
TDC and ADC information was provided for each individual scintillator of OHIPS and
MEPS. This included the meantimed signals from the front two scintillator planes and the
logical OR o f the ends o f the scintillators in the back plane. TDC and ADC data was also
v
supplied on the MEPS Aerogel Cerenkov. As can be seen from the word structure o f event 
8  (Appendix D), the main data event, there was a wide array o f  this type o f  data. Much of 
this data is used for diagnostic purposes to ensure the integrity o f the data.
Figures 4.1 and 4.2 show histograms of typical scintillator ADC signals from the spec­
trometers. The pulse height measures the amount of energy lost by the particle while 
traversing the scintillator. As expected, the pulse height has a typical Landau shape. The 
optimal discriminator thresholds were set during the December 1993 checkout runs. The 
levels were set high enough to reject unwanted noise, but low enough to not lose real 
events.
The TDC data from a typical scintillator is shown in Figure 4.3. The propagation time 
varies depending on where the particle struck the scintillator plane. However, the sum of 
the signal (or meantime) from each end of a given scintillator is independent of the actual 
position the particle intercepted the plane. Figure 4.4 shows such a spectrum. The finite 
width is due to the intrinsic electronic resolution of the circuitry. As mentioned before, 
the event trigger was formed by a coincidence among all of the scintillator planes in both 
spectrometers. The single arm pilot was formed by the coincidence of all o f  the scintillator 
planes in an individual spectrometer
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Figure 4.1: A histogram of the OHIPS scintillator OSOA (left side).
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Figure 4.2: A histogram of the FPP-scintillator FS1 (left side).
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Figure 4.3: A typical histogram of a MEPS scintillator TDC.
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Figure 4.4: A typical histogram from a MEPS meantimer.
4.3 VDCx Analysis
The drift time information from the OHIPS and MEPS VDGc determines the particle tra­
jectory at the focal plane of each spectrometer. In conjunction with knowledge of the 
optical properties of the spectrometer, the particle’s position and angle at the target can 
be reconstructed. This section describes the analysis required to convert the drift time in­
formation from the TDC’s to the focal plane coordinates for both spectrometers. It also 
details the method used to trace back through the spectrometer to arrive at the target co­
ordinates. A description of the readout systems for the OHIPS and MEPS drift chambers 
can be found in sections 3.3.1.2 and 3.2.2.3 respectively. A more detailed description of 
the VDCx analysis can be found in the Ph.D. thesis of Robert Lourie79.
4.3.1 OHIPS VDCx Analysis
The OHIPS VDCx uses a four-delay line system for the readout of an event. A TDC 
measures the drift time at each end of the four delay lines. Section 3.3.1.2 details how
79 R.W Lourie, Ph.D. Thesis, MIT (1986), unpublished.
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these measured drift times can be used to calculate the wire number that is fired. Figure 
4.5 shows the derived wire numbers from the difference of the TDC information at the 
ends of a delay line. As the figure shows, the wire number can be clearly differentiated. 
From the wire number information, the analyzer looks for a hit pattern of at least three 
consecutive hits or three hits with a single wire gap. Approximately 97% of events pass 
this requirement and are analyzed further
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Figure 4.5: A typical histogram of the difference in time between the TDC’s at each end 
of a delay line.
4.3.1.1 Drift Distance Calculation-OHIPS
The first step in calculating the particle trajectory at the focal plane is to convert the mea­
sured drift time information to a drift distance. Figure 4.6 shows a spectrum of drift times 
to the signal wire which is related to the sum of the measured signal arrival times to each 
end of a delay line. This conversion requires a parameterization of the drift velocity as a 
function of the distance from the signal wire. The proportionality between drift velocity,
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Vd, and the number of events in each time bin is given by
dN  d N d s  dN
dt ds dt d s Vd' ^
Figure 4.6 has three distinct regions in the spectrum. The sharp peak to the left, corre­
sponding to small drift times, results from the increased drift velocity very near the signal 
wire. The flat region in the middle is the result o f a region of approximately uniform drift 
velocity. For large drift distances, the exponential fall-off reflects the increasing probabil­
ity that another wire on the delay line had a shorter drift time.
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Figure 4.6: A typical histogram of the drift time in the OHIPS VDCx.
The method used for the drift time to drift distance conversion over these different 
regions is based on previous work of experimenters who undertook a systematic investi­
gation80. From high-statistics histograms of the drift-time, each spectrum is adjusted so 
that the leading peaks are aligned. The drift distance for a particular drift time is related 
simply to the drift velocity by
T
Dn =  Dn_i -I-Vd - —  n (4.2)
where n is the histogram channel, Dn is the drift distance for that channel, and Td is
80 D.Y Jordan et al, Bates Internal Report #92-03.
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the calculated drift time. The drift velocity is parameterized in four regions of the drift 
time histogram. In the fall-off region and the flat portion, the drift velocity is taken to 
be the terminal velocity (vt ~  5 cmlfis). In the peak’s leading edge the drift velocity is 
approximated by
_  #  of counts in peak channel
Vd Vt average # of counts/channels in flat region ’
For the peak’s trailing edge, the drift velocity is
_  #  of counts in channel
Vd Vt average # of counts/channels in flat region ’
A lookup table o f drift velocities is generated for all 8  delay lines (4 in each chamber) 
which transforms the drift times to drift distances. Figure 4.7 shows a typical drift distance 
spectrum calculated via this procedure.
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Figure 4.7: A typical histogram of the calculated drift distance in the OHIPS VDCx. 
4.3.1.2 Track Determination-OHIPS
From the calculated drift distances and wire numbers, the particle trajectory can be com-
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puted. A complication to the analysis results from the non-differentiation o f drift distances 
from above or below a signal wire. Additionally, drift distances less than 1 mm were not 
used because of the large error associated with the drift time to drift distance conversion 
for this non-linear region. The slope and intercept in the wire plane are calculated using a
linear least-squares fit. The analysis code also looks for a problem noted in previous ex­
periments81 . This problem resulted from a jitter on the delay lines that caused the deduced 
wire position to be shifted by four wires. Tracks with a x2 <  0.2/d.o.f were accepted. Fi­
nally, an additional test was made in software on the slope of the track over a reasonable 
range corresponding to the physical parameters of the chambers. Events that passed this
test were considered candidate events for further processing.
4.3.1.3 Focal Plane Coordinate Calculation-OHIPS
From the fitted slopes and intercepts the focal plane coordinates (x /,y /, # / , (pf) can be 
calculated. The same coordinate system is used for MEPS and OHIPS; it is pictured in 
figure 4.8a. In the figure, a? [aB) and a r  (a s ) are the intercept and angle of the particle’s 
trajectory with the top (bottom) wire plane. The first step in the analysis is to project the 
intercepts of the top and bottom wire plane onto an intermediate plane midway between 
the two via the relationships
. TUt D c
°t  = _ a r ------ g—
m BDc
a B  =  “ b  +  — 2 ~ , (4.5)
where ttit (m B) is the calculated slope for the top (bottom) chamber and Dc is the sep­
aration between the two chambers. The next step is to rotate these projected intercepts
81 S.D. Penn, Ph.D. Thesis, MIT (1993), unpublished.
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Figure 4.8: A schematic of the coordinate system for the OHIPS VDCx. a) The orientation 
of the two wire planes with respect to one another, b) Schematic of the rotation about the 
z  direction c) Schematic of the rotation about y j
because the signal wires are rotated by an angle 7  about z ,  resulting in x  pointing in the 
direction of increasing momentum. This rotation, shown schematically in figure 4.8b, is 
given by
/  *' \  = r  cos 7  sin 7
V Vf J  \  ~  sm 7 cos 7  J \  Or J  v ’
where 7  =  45°. Finally, a rotation about y/  by an angle Q, shown in figure 4.8c, is
necessary to account for the tilt of the VDCx with respect to the x — z  plane. The resulting
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Vi (4.7)
focal plane coordinates are
x j  \  /  cos ft 0  — sin ft \  / x
Vi =  0 1 0
Zf J  y sinft 0  cos ft /
where ft =  45.3°. With the fact that z  =  0, Xf and yj  can be written in terms of the
calculated slopes and intercepts as
cos ft f  (m B — rnr) Dc
Xf =  — I aB — ctr +
y/2 V 2
V, =  - - L ( a e + « r + ^ - ± ? ^ y  (4.8)
With the lever arm provided by the FPP, it is more accurate to calculate the focal plane
angles (9/, (frf) by a linear fit of the positions from the VDCx and the front FPP chamber
positions. They are calculated in this manner for this experiment.
4.3.1.4 Ihrget Coordinates Calculation-OHIPS
The target coordinates can be calculated from the focal plane coordinates and an under­
standing o f the optical properties of the spectrometer. The OHIPS optics are approximated 
by a second order TRANSPORT matrix. The focal plane coordinates (x /,y /,0 /,0 y ,5 ) are 
related to the target coordinates (x£, y£, 0 £, (pt, 8) by the relationship
X) = Y 1 +  Y l  Tijkxixt, (4.9)
3 3,k
where MfJ- (Ttyjt) is the first (second) order TRANSPORT matrix and 6 is the percent devi­
ation from the nominal central momentum. The relationship between the two coordinate 
systems is shown schematically in figure 4.9. Table 4.8 lists the dominant 1st and 2nd or­
der matrix elements from TRANSPORT. The standard units used in TRANSPORT are cm
for lengths and mrad for angles. The matrix elements Mtj (Tijk) are often written in a
bracket notation (x | 6) R where the coordinates correspond to the i, j ,  or k th component
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Figure 4.9: The relationship between the target and focal plane coordinate systems, 
of the matrix. The subscript R  signifies that the matrix relates the focal plane coordinates 
to the target coordinates. An F  has the opposite meaning. The resulting equations for the 
focal plane coordinates in terms of the target coordinates can be written
x f  =  (x | x)R x t + ( x \ S ) R S
vs = { y \ y ) Ryt +  (y\<f>6)R<i>t6 +  (y\8<t>)R6t<f>t 
0,  =  ( d \ e ) R dt +  ( 8 \ 6 ) R 6 +  ( e \ 6 2) R62 +  ( e \ e s ) l i Bt6
<t>f =  (4>\y)R yt + {<P\4>)R (l>t + (<f>\4>S)R(/>tS +(4>\d(f>)R 9t(i)t. (4.10)
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Element Value Element Value
(x 1 &)R 
(y 1 y )R 
(y 1 40) R
4.166
-5.049
0.01173
(9 1 * V
(9 | 96)R 
( 4 1 y ) R
-0 . 1 0
0.03109
-8.4994
(y 104) r -0.0006202 ( 4 \ 4 ) n -0.19807
( 0 \ 0 ) R -2.3133 (4 1 4&)r 0.01831
<o\ S)R 1 0 . 0 ( 4 1 &4) r -0.001005
Table 4.8: 1st and 2nd order TRANSPORT Matrix Elements for OHIPS 
where the subscript R  is a reminder that these matrix elements are for the focal plane coor­
dinates in terms of the target coordinates. As there are four equations with five unknowns, 
x t is left undetermined. It can be reasonably assumed to be zero for a small beam spot 
leaving the relationship
x f  = ( x \ S ) R S. (4.11)
This set of equations can be solved in terms of the target coordinates by some algebraic 
manipulations. The solutions are
5 =  X/
<* I *>«
ef - ( e \ 6 ) R 6 - ( e \ 6 2) R 82 
( e \ e ) R +  ( e \ 6 6 ) R 8
0  =  (y I y )R [(<t> I 46)R6 +  {4 I 04)R9t + (4 I <f>)R] -  (4 I y>f l[(y I 40) Rs +  (y 19<f>)Re t] 
[(0 I Q4>)r &t + <0 I <I>)R + (0 I <p6)R8] yf  -  [(y | <j>6)R6 +  (y | 9<p)R 9t] <j>f  
Vt ~  0
( y \ y ) R4 f - ( 4 \ y ) Ryf  0t ~ • (4.12)
4.3.2 MEPS VDCx Analysis
The main difference between the VDCx analysis for MEPS and OHIPS is due to the dif­
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ference in the readout systems. As discussed in section 3.2.2.3, the DCOS system acquires
drift time information for each wire rather than for only four wires as in OHIPS. These
drift time spectra look very similar to the OHIPS drift time spectra. The conversion to
drift distances and wire numbers is handled in the same manner as for OHIPS (see figures
4.6,4.7, and 4.5). The increase in the number of possible wires makes the analysis more
complex, however, the data is less likely to have any contamination.
4.3.2.1 Track Determination-MEPS
Due to software limitations, 24 was the total number o f hits allowed for each chambers. 
The next step in the analysis is to look for wire clusters, which consist of a consecutive 
group of wires without gaps between them. The number of clusters per chamber was 
strongly peaked at one. The peak number of wires in a cluster was four or five. This was 
well below the maximum allowed number of clusters per chamber (8 ) and the maximum 
number of wires per cluster (16). For a cluster to be processed further, it had to have at 
least three hits.
For each such cluster, the wire with the shortest drift time in the cluster is used as the 
pivot point. Two scenario’s are tested to try to determine the track (slope and intercept) of 
the particle:
( 1 ) The drift distances o f  active wires with numbers less than the pivot wire’s are considered 
to be negative.
(2) The drift distances o f active wires with numbers less than the pivot wire’s and the pivot 
wire itself are considered to be negative.
In this context, negative means that the electrons are drifting up towards the signal wire
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and implies a positive slope. The scenario that produced the lowest x 2/d .o .f.  in the fit is 
used. Next, all of the clusters that have been processed in each chamber are compared. 
The cluster with the shortest zero crossing time is chosen as the good cluster The zero 
crossing-time is the timing offset required to line up the drift distances for wire numbers 
greater than and less than the pivot wire’s. A cut was made in software, similar to the one 
in OHIPS, to check whether the slope was within the spectrometer acceptance. If both 
chambers have a good cluster with good slopes then the candidate event is considered 
analyzable.
4.3.2.1 Focal Plane Coordinates Calculation-MEPS
The focal plane coordinates (xf ,  y/, 0/, <pf ) can be calculated for MEPS in a manner that 
closely parallels the OHIPS calculation. The main difference is a different orientation of 
the wire planes and projection o f  the intercepts to the bottom wire plane rather than an 
intermediate plane. The equivalent of equation 4.6 is
W c o s 7  sin7  \ / f l a \  (413)
\ y f  J  \  sin 7  cos 7  J \  J  
where 7  =  45°. In terms of the measured slopes and intercepts, the focal plane coordinates
are
cos ftx f  = (  m TDc\
V2
yj  =  - j = ( “B + aT + - y ^ ) .  (4.14)
Because MEPS does not have any other chambers, the focal plane angles must also be 
calculated. By examination of figure 4.8c, the relationships for the angles are 
Of =  9 — ft =  tan - 1  — ^
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=  tan 1
tan 1
\Z2mrTnB
tan 1
(m.T + m s)  sin £2 -F \ / 2 mTm B cos £2 .
4.3.2.3 Target Coordinates Calculation-MEPS
The MEPS target coordinates were calculated in the opposite direction as OHIPS. This 
is the same technique as in OHIPS except a polynomial expansion of the target coordi­
nates are empirically fitted using the focal plane coordinates. This was made possible 
because o f extensive calibration data taken with a sieve slit on the MEPS spectrometer. 
The polynomial expansion can be written in matrix form in the following manner
where the ~  is a reminder that these TRANSPORT matrices relate the target to the focal 
plane. Again assuming x t =  0, the target coordinates can be written
9t =  (B0) +  ( 9 \ 9 ) F 9f  +  { e \ 5 ) F 6 + ( e \ 6 2) F S2 +  { B\ d6) F ef 6 
+  ( 0 \ 0 2) F 92 +  ( d \ y 2) F y2 
<l>t =  (^o) + {4>\<i>)F (l>f + (<f>\y)F yf  + {<i>\S)F 6 + (((>\62)F 62 + (<p\Sy)F yf6
+  (<P I 4>9)f <Pf0 f  +  (4 I Qy)F QfVf
where (60) ,  (0 O), and (ya) are offsets determined by the sieve slit measurements and the 
subscript F  signify the matrix elements relate the target coordinates in terms of the focal 
plane coordinates. Table 4.9 lists the first and second order matrix elements determined
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Element Vhlue Element \hlue
(<51 x)p
(y 1 y)F 
(y 1 x ) p
0.5521
-6.3145
-0.2477
(5 i x2)f
(y 1
( 6 \ z 2) f
0.000777
-0.0025595
-0.02387
(y 1 4>)p 0.83792 (e 1 y2) r 0.091117
(Vo) 3.1830 (6 | 9x)F 0.0019076
(9 1 6)P -0.38908 {9 \ P ) F 0.0003005
V \ x ) P 0.26617 (4>\x*)P -0.0153835
<*.) -9.7003 {4> 1 x y )F 0.19069
(4>\4>)p . -0.34877 {<t> 1 9y)p 0.010918
{<f> 1 x )f 0.10358 ( 0  1 9<P)f -0.0021425
(<f> 1 v) p -10.756
{4>0) 0
Table 4.9: 1st and 2nd order TRANSPORT Matrix Elements for MEPS. 
for MEPS under the conditions of this experiment82.
4.4 FPP Analysis
The four Multi-Wire Proportional Chambers (MWPC’s) provided information about the 
second scattering of the proton in the carbon block analyzer in the FPP. This information is 
critical for the extraction of the measured asymmetries by the polarimeten The information 
from the front two chambers was combined with information from the OHIPS VDCx to 
determine the incoming trajectory. The back two chambers were used to determine the 
scattered trajectory. The analysis of the information from the MWPC’s is described in this 
section. A schematic diagram is shown in figure 4.10.
4.4.1 Determination of Second Scattering Event
The raw data from the proportional chambers were read out using PCOS83. The advantage
82 Cristophe Mertz, private communication.
83 Proportional Chamber Operating System from LeCroy.
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Figure 4.10: A schematic o f the FPP coordinate system, 
of this system was the very fast readout, however, the disadvantage was that it limited 
position resolution to the level of a wire spacing. This was because PCOS did not use 
TDC’s but rather just registered hits on the signal wires of the chambers. As discussed 
earlier in section 3.3.3.4, the fast readout was necessary for the hardware small-angle 
rejection system. Figures 4.11 - 4.14 show typical raw spectra from the FPP chambers.
In order to reconstruct the particle trajectories, at least one hit on each chamber had to 
be registered. If  the OHIPS VDCx also registered, that information was combined with 
the information from the front chambers to better determine the angles o f the incoming 
trajectory. This was useful because of the poor position resolution of the MWPC’s. If
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Figure 4.11: A typical histogram of a front FPP X-MWPC.
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Figure 4.12: A typical histogram of a front FPP Y-MWPC.
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Figure 4.13: A typical histogram of a back FPP X-MWPC.
a chamber had hits in two consecutive wires these were combined into a single hit. If
there are two or more hits in non consecutive wires in any chambers, then the analyzer
tried all possible combinations of trajectories. If one and only one trajectory led to a
physical trajectory then it was used, otherwise the event was rejected. The initial and
final trajectories and Si') can be determined from the position information of the
chambers and the measured distances between the chambers. By using the initial and final
“direction” vectors given by
T  ( x 2 -  j/2 -  2/1i =
Z 2 —  Z \  Z 2 —  Z \
, 1 1 =  (tan an, tan/?!, 1 ) (4.18)
. . . . . .  (4.19)
2 4  -  2 3 24 -  3^
where a  and p  are the polar and azimuthal angles of the trajectories. The trajectories
/ =  ( i  ) =(tana2,tan32,l)
themselves can be parameterized
5 1  — X i  +  i  t \
5 2 =  X x +  /  t 2
(4.20)
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Figure 4.14: A typical histogram of a back FPP Y-MWPC. 
where ti and to are the time of flight of the trajectories, X  i is the intercept of S i in plane 
1, and X[ is the projected intercept of So onto plane 1. The solution for X[ is given by
X [ = X A - f z 4. (4.21)
These trajectories can also be used to calculate another fundamental quantity, the point 
of closest approach. This quantity is used as a consistency check of the track reconstruc­
tion analysis. The trajectories should reconstruct to the point in the carbon analyzer where 
the second scattering took place. This interaction point can be reconstructed to within 0.5 
millimeters. To determine this quantity one minimizes the difference between the trajec­
tories. Defining the vector A 2 as the square of the difference between the two trajectories 
results in
A2=  (s-z - S i )  =  (A  x )  + a t 2 +  0t\ -  2 ^ 2  -  26t2 +  2 ^  (4.22)
introducing the notation
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a  =  i • i
3 =  / • /
7 =  i ' f  
6 =  - f - A X
e =  -  i ■ A X
(4.23)
A X  =
This relationship can be reduced to a pair of coupled equations by minimizing with respect
to the time of flight of the two trajectories as follows
7  t2 + e
t\ —
to =
a
7*i ~  &
(4.24)
Equation 4.25 shows the result of solving these two equation simultaneously
7  6 -  3e
tC — Co 
7 2 -  a3 
at5 — 7 e 
7 2  — a3
(4.25)
where the superscript c is a reminder that this is the time of flight to the point of closest 
approach of the two trajectories. By substituting these times back into equation 4.20, the 
distance of closest approach can be calculated to be
dc = \J (A X x +  ixt\  -  f xtc2)2 +  (AXy  + iyt\ -  fy tl)2 +  {t\ -  q f .  (4.26) 
After parameterizing the initial and final trajectories of the proton, the scattering angles 
can be calculated. The polar scattering angle is given by a simple formula
^scat — COS
- 1 i
7
(4.27)
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The azimuthal scattering angle is more difficult to calculate because it is not defined with 
respect to the spectrometer coordinate system, but rather one that moves with the particle. 
This event coordinate system can be related to the trajectory of the proton and the fixed 
spectrometer system in the following way
i
/N W
y x  z
X
11 / x :
y =  Z  X  X
With these relationships, the azimuthal scattering angle can be shown to be
Qscat = tan - 1  j  
These angles are crucial for the determination of the measured asymmetries. The extrac­
tion of the asymmetries will be discussed later in this chapter.
4.4.2 Good FPP Events
Aside from being able to reconstruct the trajectory of the proton in the polarimeter, several 
cuts were made to define a good FPP event while minimizing systematic asymmetries.
In the MWPC’s only single cluster events were considered good FPP events. A single 
cluster is defined as adjacent wires that fired simultaneously. If a MWPC had more than 
one cluster, the event was rejected. This cut was made because of SARS (Small Angle 
Rejection System). With a multi-hit event the SARS decision was based on the first wire 
that fired from left to right in the electronics rack (corresponding to lowest to highest wire 
number). This wire may not have been the actual wire fired by the particle. Including 
these events could have induced a false asymmetry.
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Figure 4.15: The reconstructed vertex of interaction in the carbon analyzer.
Figure 4.15 shows the distance of closest approach as calculated by equation 4.26. A 
cut at 1 0  cm was made to exclude events that obviously did not have a reconstructed 
interaction point in the carbon analyzer.
The hardware small angle cut could be done very fast, but it had one major difficulty. 
Because the wires of the FPP chambers are on a square grid, the cut that was made was 
actually a square in shape. A software cut was necessary to make this cut circular to get 
rid of the false asymmetry that would otherwise arise. A cut was made on 9scat from seven 
to twenty degrees inclusive. Figure 4.16 shows the polar scattering angle for real events. 
The maximum angle was chosen to minimize uncertainties in the analyzing power34. The 
minimum angle was set by the SARS. A seven degree cut in the 6 — 0  plane was necessary 
to completely enclose the box cut of SARS. The cut made is shown in figure 4.17. The box 
cut is not centered because of a misalignment of the FPP The technique used to determine
84 The analyzing power at very large scattering angles (>20°) have larger uncertainties.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Determination o f Missing Energy 116
5000
4000
■3000
2000
1000
THSC(deg)
Figure 4.16: The polar scattering angle for real events from all o f the data, 
the alignment of the FPP can be found in the technical note of G. Warren and J. McIntyre85.
Finally, a cone test was included for each event. This test was performed by rotating 
the scattered trajectory of the proton azimuthally (keeping the polar angle fixed). The 
test required the projection of this cone to be entirely within the acceptance of the rear 
chambers to minimize the difference in the (j) acceptance of the FPP In essence, this cut 
ensured that all possible 0  events for a given polar scattering could have been detected in 
the polarimeter.
4.5 Determination of Missing Energy
The missing energy is given by equation 2.2. For every event, the energy transfer, u,  and 
the proton kinetic energy, is calculated from quantities measured by the two spectrom-
85 G.A. Whrren and J.I. McIntyre, Internal Alignment o f the FPP, Bates Technical Note #96-0.
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Figure 4.17: The hardware and software angular cut in the 0 — <p plane, 
eters. These quantities are determined from the relationships
where PQ and 6 are the central momentum and dispersion in the given spectrometer, and 
Mp is the mass o f the proton. Two different histograms are made, one with a cut on the 
coincidence peak of the time-of-flight TDC and one with a cut on the accidentals (see 
fig. 4.30 and section 4.6). These histograms are then subtracted from each other weighted 
by the ratio o f the widths of the cuts. For this experiment, the ratio of the cuts on the 
accidentals to the cut on the coincidence peaks is 9/1. Further, the resulting spectra are 
then normalized relative to each other by the beam charge. The amount of beam charge 
for events in the coincidence peak is shown in table 4.10 for each kinematic point.
+  Mp2 -  Mp (4.30)
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Gated Beam Charge
Kin I 
Kin II 
Kin HI
0.017345 C 
0.021251 C 
0.015363 C
Table 4.10: The beam charge for events falling within the coincidence gate at each angular 
setting.
Figures 4.18 - 4.20 show the missing energy o f coincidence events for the three differ­
ent angular settings. The sharp peak centered around 18 MeV can be attributed to the p3 / 2 
shell of carbon. The broad peak centered around 40 MeV is attributed to the Si/ 2 shell al­
though a significant continuum contribution may exist. Evidence for the px/ 2 shell from 
the UB excited state can also be seen around 22 MeV in missing energy. There is also sig­
nificant strength beyond 50 MeV in missing energy. This strength arises from continuum 
contributions and the radiative tail.
4.6 Time of Flight Corrections
This experiment measured scattered electrons in coincidence with an ejected proton. As 
mentioned before this is accomplished by starting a TDC on the electron signal and stop­
ping it on the proton signal. Figure 4.21 shows a typical spectra for the time of flight (TOF) 
TDC before corrections. The peak corresponds to coincidence events (electrons and pro­
tons from the same interaction). The flat background arises from accidentals (electrons 
and protons from different interactions). A cut on the coincidence peak selects out can­
didate events, while the accidentals are useful for background subtraction. Ideally the 
relative time of flight should be the same for given magnetic settings o f the spectrome­
ters, corresponding to a very sharp peak. However it is broadened because particles take
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Figure 4.18: The missing energy for background-subtracted real events at Kin I.
600
Kin II, 9 - 2 6 . 6 2
400
co
c3oO
200
200 600 800400
0.1 M eV /C hannel
Figure 4.19: The missing energy for background-subtracted real events at Kin II.
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Figure 4.20: The missing energy for background-subtracted real events at Kin III. 
different paths through the spectrometer Additionally, further broadening came from the 
finite momentum acceptance o f OHIPS which allowed for different velocities of the pro­
ton. The raw peak can be narrowed by making a cut on the missing energy of the 
proton corresponding to the particular shell of 12C under study. Additionally, variations in 
path length and velocities are corrected empirically. This was accomplished by exporting 
the various kinematical quantities Xf ,9f ,  t//, <j)f  of the two spectrometers along with the 
TDC signal to MINUIT. The data is exported by writing a data file directly from the Q an­
alyzer which was then made available to MINUIT, a multi-purpose package provided as a 
part ofPAW86. Minuit works with chi-square functions to do statistical analysis for best-fit 
parameters. It also provides other information such as error estimates and parameter cor­
relations. MDSfUIT was used in executable mode with a user-written Fortran program to
handle input/output and define free parameters and the desired fitting functions. The best
86 Physics Analysis Workstation. B. Brun, O. Couet, C. Vmdoni, and R Zanarini, BiW - The Complete Refer­
ence, CERN Program Library Entry Q121, CERN (1989).
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Figure 4.21: The uncorrected TOF for Kin II.
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Figure 4.22: The corrected TOF for Kin II.
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Figure 4.23: The corrected TOF w/ Missing Energy Cut (Kin II).
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fit parameters were written to file and read in by the Q analyzer directly into the parame­
ter array. Figures 4.22 and 4.23 show the corrected time of flight with and without a cut 
on the missing energy corresponding to the P3 /2  shell in carbon. By including a cut on the 
missing enerfy, the width o f the peak was reduced from about 3.5 ns FWHM (raw) to 2.0 
ns FWHM. Table 4.11 shows the signal to noise ratio for all o f the kinematical bins for 
completeness. The numerically corrected TOF was
TOFcorr =  TOFram +  0.0303 • x% -  0.0625 - y% -  0.0474 - 6°fp
+0.0102 • <f>% -  0.0113 • x%  +  0.0192 • y fp +  0.01215 • dfp 
+0.01515 - yf p -y% (4.31)
where x,  y, 6, and 0  are the coordinates at the focal plane of OHIPS (O) and MEPS (M).
Signal to Noise Ratio
P recoil (MeV/c) P- Shell S-Shell 50 MeV+
0-250 13.22 ±  0.19 2 . 2 1  ±  0.026 0.99 ±  0.025
0-50 8.46 ±  0.51 3.46 ±  0.11 1.36 db 0.089
50-100 14.20 ±  0.39 3.07 ±  0.061 1.38 ±  0.056
100-150 17.05 ±  0.43 2.33 ±  0.050 1.14 +  0.049
150-200 14.73 ±  0.46 1.51 ±  0.047 0.72 ±  0.048
200-250 12.49 ±  0.71 1.10 ±  0.063 0.58 ±  0.064
Table 4.11: The Signal to Noise for all of the various Recoil Momentum Cuts used.
4.7 Software Cuts
During the analysis, cuts were applied to the data to reject unwanted events. These in­
cluded a cut applied to the MEPS Aerogel signal to reject triggers that resulted from pi- 
ons, cuts on the missing energy, and cuts on the beam halo monitors. This section will 
describe these in detail.
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Figure 4.24: A typical histogram of an Aerogel TDC.
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Figure 4.25: The sum o f the Aerogel TDC’s with the software cut placed on it.
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4.7.1 MEPS Aerogel Cut
V
As chapter 3 described, the MEPS Aerogel Cerenkov was used to distinguish pions from 
electrons. The Aerogel has a refractive index of 1.05 so that pions with momenta less
V
than 430 MeV/c will not produce Cerenkov light. Electrons, on the other hand, should 
produce such light because they are traveling near the speed of light. A normalization 
run on hydrogen was done to set the discriminator threshold level and determine the gates 
on the TDC’s. Figure 4.24 shows a typical spectra from one of the ten Aerogel TDC’s. 
A cut (figure 4.25) is made on the sum of the TDC which selects out electrons. Figure 
4.26 shows the sum of the ADC’s from the Aerogel detector with and without a cut on 
the TDC sum. The electron and pion contributions are clearly differentiated. The figure 
also shows the location of an a software threshold cut on the ADC sum to eliminate any 
spurious signals.
4.7.2 Other Criteria
A software cut was made for good halo to minimize any spurious interactions from beam 
spray. These are shown in figures 4.27 and 4.28. Because the quality of the beam during 
the carbon experiment was very good, this cut rejected less than 0.1% of the raw events.
Figure 4.29 shows the software cut on the missing energy for the p3 / 2  and Sx/ 2  shell. A 
narrow cut centered on 18 MeV was made for the p3 / 2  shell. This had the additional effect 
of minimizing the radiative corrections from hard photons. A cut from 28 - 50 MeV was 
made for the Sx/2 shell. Also, a cut was placed on events with missing energy greater than 
50 MeV The two-body threshold is at 28 MeV so the data in the 28 - 50 MeV range which
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Figure 4.26: The Aerogel ADC sum with and without a cut on the TDC sum. 
is naively called the sx/ 2  shell is likely to contain significant continuum strength as well.
Figure 4.30 shows the software cuts on the TOF TDC used to define coincidence events 
and accidental events. As stated earlier, the ratio o f the accidental to the coincidence cut 
is 9/1. The accidental events are used to perform a background subtraction from the co­
incidence events. This background subtraction will be described in more detail in section 
4.8.4. Along with the information from the two spectrometers, these software cuts are 
used to define good events for the extraction of the measured polarizations.
4.8 Extraction of the Measured Polarization
The measured polarizations are unfortunately not quantities that can be determined on an
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Figure 4.27: A typical histogram of the halo monitor located near the Moller area shown 
with the software cut used.
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Figure 4.28: A typical histogram from the target halo shown with the software cut used.
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Figure 4.29: The sum of the background-subtracted missing energy histogram for all o f 
the data shown with the software cuts used.
event by event basis, rather they are determined from an ensemble of particles. Specifi­
cally, the azimuthal distribution of events must be examined in order to extract the final 
state proton polarizations from the polarimeten In the focal plane coordinate system, the 
event averaged cross section of the P — 12C reaction is written
(a (9, <j), Tc)> =  (o-0 (9, Te)) [1 +  e* (9) sin (f> + % (9) cos <f>] (4.32)
where en and et are the measured asymmetries and Tc is the proton kinetic energy in the 
center of the carbon block. The asymmetries are related to the measured polarizations by
ppol ex (A) ^  2 3 -)
(Ay (9))
ppol €y (@)
(Ay {9))
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Figure 4.30: The cuts on the TOF TDC used for background subtraction, 
where (Ay) is the event-averaged analyzing power. To determine the measured polariza­
tion, a discrete Fourier transform is performed on the histogram of the azimuthal angular 
distribution of all good events. The cos <p and sin 0 coefficients can be related directly to 
the measured asymmetries. Higher order terms give an estimate of on the size of instru­
mental asymmetries. The analyzing power is then weighted by the polar angular distrib­
ution from the experiment and averaged. The ratio o f the asymmetries and the analyzing 
power then leads to the measured polarizations. This section will discuss each of these 
topics in more detail.
4.8.1 Extraction of the Asymmetry
Asymmetries are extracted from the data via Fourier Analysis of the ( P — 12C ) angular
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distribution, given in equation 2.18, of the form
eV ~  r2ir
f 27r d o f  (9, 0) sino 
ei =  Jo - -  ------  (4.34)
Jq* d4>f (0 ,0 ) coso
The measured angular distribution is actually a convolution o f the physics asymmetries 
and systematic instrumental asymmetries. The measured angular distribution, N , can be 
written in terms of the theoretical distribution /  (9, 0) and an efficiency function £ (9,0 )
N(6,<t>)=f(d,<i>)Z(e,o). (4.35)
The instrumental asymmetries can be expanded as a Fourier series
OO DC
£ (0i 0) =  1 +  ^ 2  0x1 W  cos (m^  +  Sn W  sin (4-36)
n = l  n = l
where the leading term is a normalization factor. In practice, the measured angular distri­
bution is usually separable in the form
N(d,<j>) = f 0(9)R(9,o)  (4.37)
where R  (9,0) is now a convolution of both the theoretical and instrumental asymmetries.
With some work, it can be shown that
OO OO
R(9,<t>) = 1 +  Cn (9) cos (n0) +  sn (9) sin (n0) (4.38)
1 7 1 = 1
OO
sin 0 +  |  J2 sn (9) [— sin (n — 1) sin (n +  1) 0]
O
+ 2  sn9 cos (n — 1) — cos (n +  1) 0
cos 0 +  \  22 Cn (9) [cos (n -  1) 0  -1- cos (n +  1) 0]
+ C y  ^  O O 71" 1
22 sn (9) [sin (n -  I) 0 +  sin (n +  1) 0]
7 1 = 1
To disentangle the two parts o f  the measured angular distribution is non-trivial. The 
Fourier transforms of the measured distributions can be defined in the same way as equa-
+ « *  < oS- 1
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tion 4.34
r-27r_  Jo * N  (9, p) sin (n<p) dp 
N  (6, <p)dp 
_  r  N  (6,0) cos (no) dp
£ *  X { 6 ,p ) d p
where now the Fourier transform is done on the measured angular distribution. Because 
the physics asymmetries have only cos p and sin p  terms, only n =  1 coefficients matter 
in this expansion. Solving for these in terms of the Fourier coefficients for the physics and 
instrumental asymmetries results in
«, =  (4.40)
4 +  2eyci 4- 2ezsi 
_  gj (2 — c2) 4- eyS2 ~r St 
4 +  2gyCi 2exsi
These two equations can be made into a pair of linear inhomogeneous equations
~  U\S\ 1 -  |C2  -  ViSi J  \  2Vi -  Si J 
which expresses the measured asymmetries in terms of physics and instrumental terms.
Examining these relationships it is clear that one measured distribution is not enough to
completely solve this equation unless further assumptions are made. If the instrumental
asymmetries have 180° symmetry (£ (6, p) = £ ( 9 ,p  + rr)), then from the work of Bes-
set87, the instrumental asymmetries vanish for odd values of m and c2 =  2u2 and s2 =  2v2.
Then
(  ev \  - (  (c°s2p) (sinp cosp) \ " 7  2ux \
\ £ x  )  \  (sin0cos<£) (sin2<£) J y 2 v i  J  \ • )
where again the () signifies the event-average. If this assumption is valid then only one 
measurement is necessary to relate the measured asymmetries to the physics asymmetries.
87 D. Besset, Nucl. Inst. Meth., 166 (1979), 515.
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However, if this assumption is not made a separate Fourier analysis of incident unpolarized 
protons is required to completely determine the physics and instrumental asymmetries. 
The data taken on hydrogen for which Pn identically vanishes in the OPE approximation, 
with the same kinetic energy protons is used in conjunction with the experimental data to 
separate instrumental asymmetries and the asymmetry due to the physics.
4.8.2 False Asymmetries
The FPP itself may have systematic asymmetries unrelated to physics issues. There are 
many possible reasons for these asymmetries, including variations in the efficiency of 
the readout systems for different wires or scintillators and uncorrected misalignment. As 
mentioned above a measurement of Pn in hydrogen with an unpolarized beam can be used 
to measure the false asymmetries inherent in the detector itself.
Although the hydrogen measurement was performed with polarized electrons, an ef­
fective unpolarized beam could be formed by summing over the two helicity states. The 
beam charge for different helicity states differed by less than 0.1%. The Moller polarime- 
ter was used to measure the beam polarization. For the hydrogen data, it produced a result 
of 28% ±  5% so that the net polarization of the beam after summing over both helicity 
states was less than 2 x 10~4. At worst, this net beam polarization could induce an asym­
metry of 1 x 10-4. This assured that the hydrogen measurement was a good measure of 
the instrumental asymmetries.
Another difficulty in using the hydrogen result for the instrumental asymmetries is that 
elastically scattered protons populate the focal plane of OHIPS differently than inelasti- 
cally scattered protons. The correlation of the proton momentum with scattering angle for
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elastic scattering means that those protons filled only about half of the focal plane. To 
estimate the effects of this difference, a comparison was made between the unpolarized 
scattering from hydrogen and the unpolarized scattering from deuterium. Both types of 
measurements were made as part o f the commissioning of the polarimeter. They are de­
tailed in the theses of Justin McIntyre (deuterium) and Brian Milbrath (hydrogen)88. It 
should be noted that the deuterium measurement was made with polarized beam, but the 
same procedure as in the hydrogen measurement to sum over helicity states was used. In 
the deuterium measurements, Pn is not constrained to be zero but the anticipated polar­
ization is less than 0.0017489. Table 4.12 lists instrumental asymmetry coefficients calcu­
lated from the proton and deuteron measurements and their statistical error. The proton 
and deuteron terms agree well compared to the statistical errors of this experiment. For 
this measurement, the hydrogen results were used to correct the data. One hundred per­
cent o f the larger value generated from the hydrogen or deuterium data was used for the 
estimated systematic error.
proton deuteron
ci (cos 4i) 
si (sin 0 ) 
C2 (cos 2 0 ) 
S2  (sin 2 0 ) 
stat. error
0.00534
0.00326
-0.00494
-0.00045
0.00199
0.00465
0.000465
0.001676
0.000582
0.00248
Table 4.12: Instrumental asymmetries used for this experiment measured from the hydro­
gen and deuterium experiements.
88 J.I. McIntyre, College of W iliam and Mary, Ph-D. Thesis (1996), unpublished. 
B.D. Milbrath, University o f Virginia, Ph.D. Thesis (1996), unpublished.
89 Justin McIntyre, private communication.
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4.8.3 Analyzing Power
The measured asymmetries are products o f the measured polarization and the event-averaged 
analyzing power, which measure the likelihood of a spin-dependent asymmetry. Section 
?? described the calibration of the focal plane polarimeter at IUCF. More information 
about the resulting data can be found in the Master’s thesis of D. Liu90.
As the calibration at IUCF did not directly measure the analyzing power for the proton 
kinetic energy of this experiment, the effect of including all the calibration data on the 
two most recent fits of the P —12C analyzing power was examined. These two fits, by 
Aprile-Giboni et a / . 91 and McNaughton et al.,92 used very different functional forms to 
parameterize the analyzing powen
The low energy form of the Aprile-Giboni parameterization is
where D (Tc, 9) is a damping factor used to model the sharp drop in analyzing power 
for small 9 and a , /3, 7  are fourth order polynomials of the dimensionless variable X  =  
(Tc — T°) / T ? n9e . For this fit, the central proton kinetic energy, T° =  250 MeV and the 
range of kinetic energies T^ange =  100 MeV The damping factor has the form
where pc is the momentum o f the proton at the center of the carbon block, f3c is the ratio 
of the proton velocity to the speed of light, C0 is a parameter proportional to the angular 
resolution, and both C  and C\ are free parameters of the fit. Because the calibration data
90 D. Liu, Cal. State University Los Angeles, Master’s Thesis (1995) unpublished.
91 E. Aprile-Giboni et al., Nucl. Inst Meth., 215 (1983).
92 M.W McNaughton et al., Nucl. Inst Meth., A241 (1985).
Ay (Tc, 9 ) = a D ( T c,6)
sin#
(4.43)
1 + 0  sin2 9 + 7  sin4 9
(4.44)
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did not include any data where D was much less than 1, the parameters of D  were held 
fixed at C0 =  0.12, C  =  75.383, and C\ =  0.18742. Hereafter, this parameterization is 
referred to as NIM215.
The low energy form of the McNaughton parameterization is
CLT
a v + c *  <4 -45>
where a, b, and c are fourth order polynomials of pc = pc — 0.7 GeV/c and r  =  pc sin 0. 
Again, pc is the momentum of the proton at the center o f the carbon block. This parame­
terization is hereafter referred to as NIM241.
A refit using these two parameterizations was performed using two databases of ana­
lyzing power. The data set referred to as “Wide”, containing data with Tc ranging from 95 
MeV to 483 MeV is the same data set used for the McNaughton fit but including the SIN 
data at Tc =  187 MeV that they decided to exclude. The data set referred to as “Narrow”, 
includes the calibration data, but restricts the range of Tc from 155 MeV to 300 MeV This 
energy range was chosen because it is sufficient to cover the range of energies used by the 
commissioning experiments.
The results o f the fits are shown in table 4.1393. The fit was performed over an angular 
range of 5 to 20 degrees (where most o f the data existed) with parameters smaller than 
their errors set to zero. The errors for each parameter are highly correlated so they are not 
shown separately. An overall error is included in the table.
A direct comparison was only possible with McNaughton’s published results because
NIM215 used a different data set. Table 4.14 shows the event-averaged analyzing power
93 Glen V&rren, private communication.
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NIM215 NIM241
Narrow Wide Narrow Wide
3.8216 3.8415 5.3902 5.4479
oci 0.43410 0.32772 Oo -4.5980 -3.7223
0-1 0 . 0 -0.22827 Oo 0 . 0 -15.20
<*3 0 . 0 0.089314 Oo 0 . 0 45.891
<*4 0 . 0 0 . 0 do 0 . 0 0 . 0
P0 -6.0782 -5.8801 bo -10.691 -9.3937
Pi 0 . 0 -3.0705 bo -92.415 -50.073
17.527 9.9698 bo 1838.7 867.3
fiz -15.922 -2.9130 bo 0 . 0 -2731.3
P* -22.601 0.89766 bo -75781. 4137.5
7o 303.85 300.68 Co 1059.6 1026.2
7i 274.77 283.21 Co 3180.5 1488.5
72 -126.85 -56.70 CO -484043 -21193.
73 0 . 0 -33.788 Co -174475 44996.
74 208.73 6.6796 Co 2851120 -34560.
* 7 d.o.f. 1.55 1.46 1.55 1.50
Error 1.4% 1 .6 % 1.5% 1.7%
Table 4.13: The fitted parameters o f the analyzing power using the two parameterizations 
and data sets described in the text
(averaged over this experiment) for the various new fits and the published fit of NIM241. 
Ail of the results agree well to the 2% performance design goal of the FPP and the previous 
global fits of the data. For this analysis, the event-averaged analyzing power is determined 
separately for every recoil bin o f the data (they are suppressed in table 4.14 for simplicity). 
The NIM215 Narrow value is used for the polarization extraction. In addition to the error 
of the fit, the systematic error was estimated to be
§  ^ 4  ^ ^  (A > )n iM 2 IS  Narrow ~  ^  {A ?)n iM 2 4 1  Narrow ^  4 ^
^  (A ^ N IV G IS  Narrow
4.8.4 Background Subtraction
Figure 4.30 shows that there are still some accidental events that fall within the timing
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Fit Type {Ay} for P shell {Ay) for S Shell
NIM215 with Wide data set 0.5317 0.5278
NIM215 with Narrow data set 0.5314 0.5276
NIM241 with Wide data set 0.5334 0.5294
NIM241 with Narrow data set 0.5330 0.5287
Published NIM241 Fit 0.5330 0.5294
Table 4.14: Event-Averaged Analyzing Power used in this experiment using the four new 
fits described in the text and the published fit of McNaughton.
window for real coincidence events. The accidental events cannot be simply eliminated 
by kinematics. These events usually correspond to l2C  ( j ,p)  reactions, which contribute 
to the polarization measured by the polarimeter. Fortunately, their contribution can be ac­
counted for by utilizing the large (80 ns) timing window. Three gates are placed on the 
TOF TDC. Aside from the usual gate on the coincidence peak which contained the admix­
ture of real and accidental events, two gates were placed on either side of the coincidence 
peak that cut on pure accidental events. The events within these gates can be analyzed 
and the polarization found following the procedure outline in the previous section. The 
polarization of real events can be found with the following formula
yj NtotalP'■ otal t NqccP i c c  f A  APreal -  (4.47)
where r  is the ratio of the width of the real gate to the accidental gate, (P, N ) total, (P, N )acc, 
and (P, A )real refer to the polarization and number o f events in their respective categories, 
and Areai =  Ntotal -  r N acc. The event-averaged analyzing power o f each category of 
events, real, total, and accidentals are calculated (see section 4.8.3) separately. The po­
larization of the accidentals was not insignificant. The availability of the large timing 
window made it possible to systematically account for their contribution.
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Measured Polarizations (Reals) Px
Vrecoil (MeV/c) P- Shell S-Shell 50 MeV+
0-50 -0 .2 5 4  ± 0 .1 1 0.036 ±  0.075 -0 .0 3 8  ±  0.16
50-100 -0 .1 8 0  ± 0 .0 4 4 0.0029 ± 0 .0 4 4 -0 .1 2 0  ± 0 .1 0
100-150 -0 .1 3 3  ±  0.038 0.047 ± 0 .049 0.069 ± 0 .1 1
150-200 -0 .1 1 0  ±  0.049 0.012 ±  0.075 -0 .3 5  ± 0 .1 7
200-250 -0 .0 9 7  ±  0.093 -0 .1 0 6  ± 0 .1 1 2 -0 .4 7  ±  0.34
Table 4.15: The Measured Polarization, Px, of the Reals.
Measured Polarizations (Reals) Pv
Precmi (MeV/c) P- Shell S-Shell 50 MeV+
0-50 0.031 ± 0 .1 1 0.10 ± 0 .075 -0 .0 1 0  ± 0 .1 6
50-100 -0 .0 3 7  ±  0.044 0.052 ± 0 .044 -0 .0 3 3  ± 0 .1 0
100-150 0.067 ±  0.038 0.026 ±  0.049 0.117 ± 0 .1 1
150-200 -0 .0 3 0  ±  0.049 -0 .046  ± 0 .075 0.106 ± 0 .1 7
200-250 -0 .0 6 0  ±  0.093 -0 .073  ± 0 .112 -0 .2 9  ±  0.34
Table 4.16: The Measured Polarization, of the Reals.
Measured Polarizations (Accidental) Px
p recoil (MeV/c) P- Shell S-Shell 50 MeV+
0-50 -0 .0 8 3  ± 0 .1 0 0.064 ± 0 .045 0.141 ± 0 .0 5 1
50-100 0.092 ± 0 .0 5 9 0.077 ± 0 .025 0.053 ± 0 .0 3 3
100-150 0.0086 ±  0.057 0.067 ± 0 .024 0.111 ± 0 .0 3 1
150-200 0.069 ±  0.067 0.075 ±  0.026 0.145 ± 0 .0 3 4
200-250 0.010 ± 0 .1 1 0.181 ±  0.039 0.131 ± 0 .0 4 8
Table 4.17: TheMeasured Polarization, Px, of the Accidentals.
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Table 4.15 - 4.18 summarizes the measured polarizations of the accidental and the back­
ground subtracted reals. It should be noted again that these are the polarizations measured 
by the polarimeter. They have undergone some precession through the dipole as well as 
the quadrupole magnets. Also, they are weighted by the acceptance functions o f the two 
spectrometers.
Measured Polarizations (Accidental) P y
Precoil (MeV/c) P- Shell S-Shell 50 MeV+
0-50 -0.178 ±0.10 -0.024 ±  0.045 0.0072 ±  0.051
50-100 0.029 ±0.059 0.059 ±  0.025 -0.025 ±  0.033
100-150 -0.0562 ±  0.057 -0.0026 ±0.024 -0.038 ±  0.031
150-200 -0 .037 ±0.067 0 . 0 2 1  ±0.026 0.020 ±  0.034
200-250 0.095 ±0.11 -0.034 ±  0.039 -0.047 ±  0.048
Table 4.18: The Measured Polarization, P y , of the Accidentals.
4.9 Target Polarizations
The polarizations and consequently the asymmetries must be determined with an ensemble 
o f events. To relate the measured polarizations with the target polarizations, spin preces­
sion and finite acceptance effects must be accounted for. Suppressing terms relating to 
false instrumental asymmetries, the cross section (eq. 2 . 1 1 ) can be rewritten
(d<*) — J^ l +  {jPi •R i f  S / ' j  +  h ^ A  +  D -R i f  S f ' j ' j  (4.48)
where () symbolizes the event-averaged precession the spin must go through before being
_* -*Li
measured in the spectrometer, P , is the induced polarization vector, D  is the polarization 
transfer matrix, 5 /  is the polarization vector at the polarimeter, and Rif  is the spin rotation 
matrix that takes the target polarizations through the spectrometer. Figure 4.31 summarizes
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the relationship between the coordinate systems at the target and the polarimeter. Standard 
programs such as COSY have been written that can accurately calculate the spin preces­
sion due to a magnetic spectrometer. To properly relate the measured polarizations with 
physical target polarizations requires acceptance averaging using a spin rotation matrix 
on an event-by-event basis. This subject will be discussed in more detail in the following 
chapter.
Figure 4.31: A summary of the relationship between the spin coordinate systems at the 
target and the polarimeter (ip).
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Chapter 5 
Results and Conclusions
This chapter presents the comparison between the analyzed data and a theoretical calcula­
tion based on a full distorted-wave Bom analysis. The procedure required to average the­
oretical models over the experimental acceptance is discussed. Included in the discussion 
is the spin mixing effect due to the spectrometer. Conclusions drawn from the compari­
son between the data and various models are discussed. Finally some ruminations about 
the prospects for the future of this area in physics are shared.
5.1 Model Calculation of Polarization Observables
This section describes the model calculation of recoil polarization observables based upon 
the theory presented in Chapter 2. As mentioned before, the experiment was performed 
with a finite acceptance spectrometer A meaningful comparison of theory with experi­
ment can only be made by averaging the theory over the experimental acceptance. This 
section will describe the three programs LEA, COSX and MCEEP used for the acceptance 
averaging.
140
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LEA94 was originally developed to calculate observables for scattering from nucleons and 
nuclei. It is based on a non-relativistic Schrodinger formalism, but its methods are more 
general. It also utilizes available data to parametrize the nucleon scattering (and rescatter­
ing) amplitudes. Since its original development, routines have been added to incorporate 
electron scattering observables. Because of its ancestry, it includes a full DWBA analy­
sis. Electron distortion is treated in the effective momentum approximation (EMA). A 
variety of options are available for the treatment of the nuclear current. These options in­
clude various optical potentials, folding models, proton and neutron form factors, off-shell 
current operators, and coupled channel schemes. Some care is required in specifying this 
input as some factors, especially the Perey Factor, are very model dependent95. The input 
to LEA requires:
1) A complete description of the target nucleus. Aside from standard information about 
the type of nucleus, LEA also requires a complete description of the ground state wave 
function usually given in terms of a Woods-Saxon parametrization. For this data, the 
ground state wave function was selected to fit cross section data from NIKHEF96.
2) A choice for the parameterization of the bound nucleon form factors. The program 
allows for a choice between a wide variety of proton and neutron form factors. This 
experiment is expected to be very insensitive to the choice o f form factors used.
3) A description of the nucleon-nucleon interaction. This choice is the heart of the analy­
sis as it selects out different models of the final-state interaction. In this analysis, a 
Dirac Phenomenological optical potential model and two microscopic optical potential
94 Linear Expansion Analysis, James J. Kelly, Program Manual for LEA.
95 J.J. Kelly, private communication.
96 G. van der Steenhoven et. al., Nucl. Phys., A480 (1988), 547;
G. van der Steenhoven et. al., Nucl. Phys., A484 (1988), 445;
G. van der Steenhoven, private communication.
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models (i.e. tp parameterizations, t refers to the scattering matrix and p refers to the 
density) o f  the interaction are used.
4) A complete description of the kinematics of the interaction. LEA allows for the user to 
choose which variables are desired to specify the interaction. This lends itself toward 
computing a grid of the output over specific kinematical variables.
5) LEA also has many built-in histograms that the user may choose to use; however, this 
was not necessary in this analysis.
The output of LEA is the nuclear response functions and polarizations of the reaction 
in the specified model. A grid of the response functions over the kinematical variables 
was generated as input into the program MCEEP for the acceptance averaging. LEA 
is capable o f producing all 18 independent response functions. This allows the user to 
take into account both out-of-plane and helicity dependent amplitudes in the acceptance 
averaging.
Shell P3/2 Sl/ 2
Variable Range
Ef (MeV) 251.4-311.4 260-310
0X (deg) 18.03°-35.03° 16.0°-40.0°
Tp (MeV) 250 - 280 250 - 280
Table 5.19: The Kinematical \hriables used for the Acceptance Averaging.
The beam energy during the experiment was essentially constant during the course of 
the experiment. A full acceptance average for a discrete final state then requires a three 
dimensional grid of the response functions over a set of independent variables. Table 5.19 
lists the kinematical variables used to form the grid and their ranges in value. These were 
chosen to encompass the experimental range measured for all three kinematical points. 
The three dimensional grid for the response functions was tabulated and used in the pro-
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gram MCEEE
5.1.1.1 Comparison of Various Models
Three models of the final state interactions using optical potentials are compared. They 
are the EDAIC model developed at Ohio State University97, and two empirical effective 
interaction (EEI) models98. The EDAIC model is an optical potential based on Dirac Phe­
nomenology (as described in Chapter 2). It provides a global fit to a wide variety of nuclei 
as well as a best fit for Carbon. The best fit parameters are used in the analysis presented 
here. The EEI models are microscopic optical potentials based on the tp parameterization. 
They were fitted to data at proton kinetic energies of 200 MeV and 320 MeV (EEI200, 
EEI320). The results were then adjusted to the 265 MeV of this experiment. The f-matrix 
used is of the Love-Franey type99 with the form
N
U (q, kf) = (Si -  dikaF' ) t\f) (q) + k'pqSi ^  ainy0' {q/pin) , (5.1)
n = l
Here, Si is a scale factor, kf  is the local Fermi momentum, t*p {q) is the free interaction, ain 
is a strength parameter, di is a damping factor, pin is a mass parameter chosen to optimize 
the fit for various components, and y (q/fiin) is a Yukawa function (y(x)  =  (1 +  x2)-1  ^ . 
The natural exponent j3 — 1 ,2 ,3  for the central, spin-orbit, and tensor interactions respec­
tively. Also, 6 =  2 for tensor interactions and 0 for the others. Finally the index i denotes 
what component o f the interaction is being parameterized (the real and imaginary parts 
of each part of the effective optical potential are parameterized separately). The density 
(p) is treated in the Local Density Approximation (LDA). The references provided can be
97 E.D. Cooper, S. Hama, B.C. Clark, and R.L. Mercei; Phys. Rev., C47 (1993), 297.
98 JJ . Kelly, Phys. Rev., C39 (1989), 2120.
J.J. Kelly et al., C39 (1989), 1222.
99 W.G. Love and M.A. Franey, Phys. Rev., C24 1981), 1073.
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Figure 5.1: A comparison of models of the induced polarization for the p3 / 2 shell. The 
solid curve is the EEI 320 model. The dashed curve is the EEI 200 Model and the dot-dash 
curve is the EDAIC model.
consulted for a more detailed discussion. The input files to the program LEA are included 
in Appendix C. The predicted induced polarization at the target for the experimental kine­
matics is shown in figures 5.1 and 5.2.
5.1.2 COSY
COSY100 was developed for the design and analysis of particle transport through electric 
or magnetic optical systems. Previously such codes have been of two types. One cate­
gory uses numerical integration to do actual ray traces through optical elements. These
codes tend to be very accurate and robust, however, some information cannot be gained
100 COSY INFINITY version 7 User’s Guide and Reference Manual, M. Berz, Michigan State University.
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Figure 5.2: A comparison of models of the induced polarization for the sx/ 2 shell. The 
solid curve is the EEI 320 model. The dashed curve is the EEI 200 Model and the dot-dash 
curve is the EDAIC model.
from trajectories only. Additionally, these programs tend to be slow, even with today’s su­
percomputers. A second category of codes computes Taylor coefficients of the action of 
the system on phase space based on an expansion about some fiducial point. These maps 
provide more information and insight about the system. However, they are often limited 
to only a few orders in the expansion and lack flexibility in specifying the optical ele­
ments and associated fringe fields. COSY was designed to combine the advantages of
both approaches101. COSY calculates symplectic maps using a differential algebra tech-
101 M. Berz., Arbitrary order description o f  arbitrary optical systems, Nucl. Inst Meth., A298 (1990), 364.
M. Berz, Differential algebraic description o f  beam dynamics to very high orders, Particle Accelerators, 24 
(1989), 109.
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nique. This technique retains the flexibility and accuracy of numerical raytracing tech­
niques yet produces maps that can be used to provide information about spin transport and 
other quantities not directly attainable with trajectory programs. An additional benefit of 
the differential algebra is the speed of the computation; usually the time required is only 
marginally more than the time required for the generation of a first order map. All inputs 
to COSY are written in its own defined language, FOXY The input requirements are:
1) A complete specification of the beam parameters. Aside from the energy of the beam, 
COSY allows for specification of various parameters to define the extent of the beam. 
COSY also allows for specifying specific trajectories for the beam.
2) A description of the optical elements such as dipoles and drift spaces. In this case, the 
OHDPS spectrometer used fairly standard elements. COSY also allows for defining any 
known misalignments and fringe fields.
3) Additional diagnostic and graphical utilities. The program has a very nice graphical 
interface that allows trajectories and other information to be displayed for convenience. 
These are mainly for diagnostic purposes or to better understand the system under study.
COSY was designed for a very general analysis o f optical elements. In this case, the
only desired output was the spin map to arbitrary order of the trajectory. The symplectic
map is a function o f the input coordinates defined in COSY as
r i = x  r2 =  a =
r z = y  r 4  =  & = ^  (52)
r5 = I r6 = 8K =
where I is the path length and K  is the kinetic energy. Coordinates with a subscript o 
denote the central values of the coordinate. All the coordinates are unitless except x  and 
y which are in meters.
The optical elements of the OHIPS spectrometer are two identical quadrupoles, a di-
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102
103
Element Diameter (m) Length (m)
Drift Target-Ql 
Quad 1 
Drift QI-Q2 
Quad 2
Drift Q2-Dipole 
Dipole (rectangular) 
Drift Dipole-Focal
0.1524 
0.1524 
0.40 x 0.16
1 . 6
0.708
0.1307
0.708
0.513
4.0
1.63
Table 5.20: Physical Location of OHIPS Optical Elements used by COSY 
pole, and various drift spaces. The input deck for this experiment is shown in Appendix B. 
Table 5.20 tabulates the physical location of these elements. Also of importance was a 3.8 
mrad yaw of the two quadrupoles that was found during a survey after the experiment102 
and a 9.4 mrad offset o f 6{oc from the defined central ray.
The symplectic map from COSY is a Taylor expansion of the spin matrix which relates 
the spin at the target and the spin at the polarimeter as a function of the target coordinates 
(n , r 2) r 3 , r 4, r 6). It has the form
P f=  J 2  ^ i Ti K + Z Si^ Tk K + Z Tm r j r kri P t ... (5.3)
i  j,k  j,k,l
The output is passed on to MCEEP for use in the acceptance averaging.
5.1.3 MCEEP
MCEEP103 was developed to simulate coincidence (e, e'X)  experiments by averaging the­
oretical models over an experimental acceptance using a Monte Carlo technique. Rather 
than a “hue” Monte Carlo, which generates events according to their probability, MCEEP 
randomly populates the experimental acceptance. Then, it weights events according to
a physics model. This method was chosen to minimize the amount of time necessary
D. Tieger; private communication.
RE. Ulmet; MCEEP - Monte Carlo fo r  Electro-Nuclear Coincidence Experiments, CEB AF-TN-91 -01 (1991).
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to obtain precise statistics for rare processes. The program was written so that additional 
physics routines could be incorporated with minimal effort. Calculations can be performed 
for elastic scattering, (e, e'X)  to bound states of a residual nucleus, or (e, e 'X ) in the con­
tinuum case. For bound state scattering, MCEEP performs a five dimensional integral, 
where the ejectile momentum is selected from the appropriate missing energy for carbon, 
and the other five kinematical quantities are randomly selected. Several new routines were 
added to incorporate the LEA and COSY outputs. The inputs needed for MCEEP are as 
follows:
1) The kinematics of the reaction. For example, the energy, in-plane, and out-of-plane an­
gle of the electron and proton are specified for MCEEP. The target and beam parameters 
were also included.
2) A theoretical model for the nuclear response functions. These were generated using 
the program LEA and acceptance averaged by MCEEP via interpolation on a grid.
3) The description of the experimental acceptances of the hadron and electron arm. This 
described the momentum and angular acceptance of the spectrometers. The shape of 
the angular acceptance was also specified.
4) A specification of the spectrometer elements. The output o f COSY was used to deter­
mine the spin transport o f the spectrometer. The momentum transport was also calcu­
lated using COSY and was found to be identical with TRANSPORT.
5) Other desired software cuts to histograms generated within MCEEP This was used for 
diagnostic purposes to help determine the accuracy of the Monte Carlo in relation to 
the actual data.
The Monte Carlo performed a cubic-spline interpolation over the three-dimensional 
grid of response functions provided by LEA. Additionally, it used a second-order TRANS­
PORT matrix in conjunction with a fifth-order spin rotation matrix from COSY On an
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event-by-event basis it precessed the target polarizations through the spectrometer to the 
polarimeter. It should be noted that COSY transports the spin from a fixed target coordi­
nate system to a fixed polarimeter coordinate system. An additional rotation to the event 
frame must be performed by MCEEP for the proper averaging. The input deck for MCEEP 
is shown in Appendix B. Figure 5.3 shows how the Monte Carlo samples the recoil mo­
mentum compared with the actual data for the first kinematic point. The dashed lines 
shows the Monte Carlo momentum distribution normalized to the same number of cotints 
as the data. For the P3 / 2  shell, the recoil momentum sampling of the Monte Carlo com­
pares very well with the actual data. The sx / 2 shell compares fairly well except that the 
Monte Carlo peaks slightly earlier and the distribution is not as broad. There are two pos­
sible explanations for this effect. First, LEA assumes the S1 /2  state is a sharp peak rather 
than the actual broad peak. To estimate this effect, Lea calculations were performed for 
a separation energy of 30 MeV 36 MeV and 42 MeV and the results were found to be 
consistent to 2%. The other effect stems from the fact that the Monte Carlo is only one- 
body in nature and does not include multi-nucleon (continuum) reaction mechanisms. In 
general, these reaction mechanisms have momentum distributions that are convolutions 
o f the single particle ones and will have the effect of broadening the experimental dis­
tribution. The dot-dash line shows the Monte Carlo distribution scaled to fit the leading 
edge of the experimental momentum distribution. With this change in scale the systematic 
under-prediction at high recoil is more clearly seen. Similar effects are seen at the other 
kinematical points.
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Figure 5.3: A comparison of the recoil momentum sampling of the Monte Carlo and the 
data for the first kinematic. The dashed curve is the monte carlo normalized to the same 
number o f counts as the data. The dot-dash curve for the “s shell” data is the monte-carlo 
fitted to the data’s peak.
5.1.4 Extraction of Final Results
A comparison between the models and the data requires inclusion of finite acceptance 
and spin precession effects. Recall from Chapter 2 (eq. 2.12), that in coplanar kinematics 
with an unpolarized beam, the induced polarization is the only observable. However, for 
a finite acceptance, it is possible to induce a longitudinal or transverse polarization. In 
principle, if the averaging is performed (at the target) symmetrically over the acceptance 
these terms do not contribute. The symmetry at the target is broken by the spin precession 
through the dipole and quadrupoles. Additionally, because of correlations between the
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polarizations, the average of the product of the spin rotation matrix and the polarization 
vector is not necessarily equal to the product of the averages, i.e.
(P i )  = ( P i f  S f )  #  (Pit)  ( S / )  (5.4)
where again {) signifies event averaging, is the target polarization and S ;  is the polar­
ization at the polarimeter.
Extracting the experimental target polarizations from the data, requires the use of the­
oretical models because there are more unknowns involved than are measured. The three 
models described above (section 5.1.1.1) were made available to MCEEP. The program 
then performed the acceptance averaging including the precession effects through a model 
o f the spectrometer. The Monte Carlo results are then normalized to the number of good 
events from the data (for each kinematics) and summed. The induced longitudinal and 
transverse target polarization were found to be less than 10-4 . This was used to set a 
bound on the contribution from non-P„ terms to the final result and reduced the prob­
lem to only one polarization. The acceptance averaging effects on the data extraction can 
be broken down into two parts. First, the ratio of the theoretical polarization at the tar­
get using a finite acceptance and a point acceptance accounts for the effects due solely 
to averaging over the acceptance. Then, the ratio o f the theoretical polarization (over a 
finite acceptance) at the target and at the polarimeter accounts for the spin precession ef­
fects. Using these ratios, the experimental target polarization is related to the measured 
polarization by
( Po)exp =  (P F)™  (-PT)t/i ^ F e^xp =  ^extract ( ^ ) e x p
where the superscript refers T( F)  refers to the polarization at the target (polarimeter), the
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subscript exp (T h ) refers to the experimental (theoretical) polarization, the subscript 0 
refers to a point acceptance and the lack of a subscript means it was averaged over the full 
acceptance. The data extraction factor is defined to be,
f  — T h  (5
J extract ~  /  n p \  » t-3 -0 !
\ r  /T h
the ratio of the theoretical induced polarization for a  point acceptance (at the target) and 
averaged over the full acceptance (at the polarimeter). In the context of a specific model, 
this factor corrects the measured polarizations for acceptance averaging effects
Figures 5.4 and 5.5 show the data extraction factor for P3 / 2  and S1 /2  models. The points 
are plotted at the recoil momentum used to extract the data in each recoil bin. The ratio 
is close to -1.125, which is the result from precession for a point acceptance through the 
dipole. The deviations are due to the acceptance averaging and results from rapid varia­
tions in the theory. Not surprisingly, it is significant only for low-recoil in the P3 / 0  shell 
and high recoil in the S1 /2  shell.
The EED20 model was chosen to extract the target polarization for the P3 / 2  shell. The 
extraction from the data for the Sx/ 2  shell and the continuum is more difficult because 
no models exist for the polarization of the continuum or the amount o f its contribution 
to the Sx/ 2  strength. Recall from the Ulmer data (figure 5.10), that it is believed there
is significant continuum strength in the 28 - 50 MeV range in missing energy. Lacking
calculations for the continuum, the target polarizations for the data in the 28 - 50 MeV and 
the 50 MeV+ ranges were extracted using the simple dipole precession factor o f -1.125. 
The Sx/ 2  models differ by less than 5% from this assumption. As no continuum models 
exist, it is unclear what the effects are for the 50 MeV+ data.
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Figure 5.4: The extraction factor for the P3 / 2  shell data. The squares are from the EDAIC 
model. The open circles are from the EEI320 model and the crossed-diamonds are from 
the EEI200 model.
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Figure 5.5: The extraction factor for the S1 /2  shell data. The squares are from the EDAIC 
model. The open circles are from the EEI320 model and the crossed-diamonds are from 
the EEI200 model.
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5.2 Discussion of Errors
The main sources of systematic errors for this experiment are associated with kinematical 
quantities and knowledge of the spectrometer. The range in these quantities were put 
into MCEEP to calculate the resulting change in the induced polarization. The EDAIC 
model was used for the canonical theoretical model and the larger error from either the 
Px/ 2  or Si/ 2  models was used for the estimate of systematic errors. Table 5.21 summarizes 
the systematic errors for this experiment due to kinematical quantities (excluding model 
uncertainties).
Error Type &  (%)
Horiz. Beam Position 0 ±  2 mm 
\fert. Beam Position O i l  mm 
Beam Energy 579.7 ±  2.0 MeV 
6e MEPS (deg) ±0.02 
9X OHIPS (deg) ±0.02 
9foe offset OHIPS (mrad) 9.4 ±1.5 
tilt of quads ±0.5 mrad 
position of quads ± 1  mm
1.3
3.5
0.1
0 . 1
0.3
0.3
0 . 0 0 2
0 . 0 0 2
Analyzing Power Ay 1 . 6
Total Systematic Errors 4.09
Table 5.21: Summary of Systematic Errors for this experiment excluding model uncer- 
tainites.
An estimate for the model uncertainties in the P3 / 2  shell was assigned by extracting 
the data using equation 5.5 with all three theories and computing the maximum difference 
between them. Table 5.22 summarizes the estimated errors in each recoil bin. Without 
models o f the continuum polarization, it was not possible to estimate the model uncertain­
ties for the data in the 28 - 50 MeV or the 50 MeV+ range.
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Recoil Bin (MeV) 4 £ (% )
0-50 4.7
50-100 3.1
P3/2 100-150 1.1
150-200 0.9
200-250 1.7
Table 5.22: Estimate of model uncertainties for p3 / 2  shell data.
5.3 Discussion of Results
Figure 5.6 shows the extracted induced polarization for the p3/2 shell data. The error 
bars include both statistical and systematic errors. Included in the systematic errors is 
an estimate of the theoretical uncertainties. The induced polarization agrees very well 
with the three models and indicates that final state interactions are fairly well modeled 
by models fitted to proton scattering data. Physically, it indicates that the ingredients 
that contribute to the induced polarization such as the Maris effect and the nuclear spin- 
orbit force are well understood. For future experiments better statistical accuracies will be 
necessary to attempt to differentiate between the models. Additionally, some deviations 
from the models may arise because the electron scattering reaction samples the entire 
nucleus. Proton scattering, from which the FSI models are derived, mostly sample the 
surface region.
Figure 5.7 shows the extracted polarization for the data in the 28 - 50 MeV range and 
the 50 MeV+ range. Again, the error bars include both statistical and systematic errors. 
However, no model uncertainty has been assigned. The success of the p3/2 shell models 
gives some confidence in the s^ 2 shell calculations. The data in the 28 - 50 MeV range 
differs significantly with the Si/2 shell calculations. However, the 50 MeV+ data indicates
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Figure 5.6: The extracted induced polarization for the P3 /2  shell at the target. Again, the 
solid curve is the EEI200 Model. The dashed curve is the EEI320 model and the dot-dash 
curve is the EDAIC model.
that subtraction of continuum effects from the 28 - 50 MeV range will bring that data closer 
in line with the Si/ 2 shell models. Figure 5.8 shows the extracted polarization from the 28 
- 50 MeV range divided into two bins. The front portion (28-39 MeV) agrees better than 
the back portion (39-50 MeV). This indicates an increasing continuum contribution in the 
28 - 50 MeV region as expected from the L/T separation measurements. Although the 50 
MeV+ data has large statistical errors, it is an interesting finding. It appears to be large and 
positive which is qualitatively different than the Si/ 2  shell calculations. This indicates that 
it is not just an extension of the Si/ 2 shell. With the development of theoretical models, 
polarization measurements can be used to explore the reaction mechanism in this deep
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Figure 5.7: The extracted induced polarization for the 28 - 50 MeV (open circles) and 50 
MeV+ (x’s) missing energy bins at the target. The solid curve is the EEI200 Model. The 
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Figure 5.8: The extracted induced polarization for the 28 - 39 MeV (open squares) and 39 
- 50 MeV (open triangles) missing energy bins at the target. The solid curve is the EEI200 
Model. The dashed curve is the EEB20 model and the dot-dash curve is the EDAIC 
model.
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missing energy region.
5.4 Conclusions
This is an exciting time in the development o f experiments involving spin degrees of free­
dom. The FPP collaboration at Bates has successfully undertaken a broad program of 
polarization experiments. With the focal plane polarimeter, experiments were performed 
on hydrogen, deuterium, and carbon. An impressive amount of work went into undertak­
ing these experiments. A broad range of physics issues are addressable in these experi­
ments. This thesis has described the measurement o f the induced polarization, Pn, from 
the carbon nucleus. The induced polarization is sensitive primarily to final state interac­
tions between the knocked out proton and the residual nucleus. Models of the final state 
interaction describe the p3/2 data well. Continuum contributions to the Siy2 data makes the 
comparison to theory problematic. The experiment also indicates that the continuum has 
a significant polarization, especially at high recoil momentum. With the development of 
theoretical models, the reaction mechanisms in the continuum can be explored. In states 
such as p3/2 in carbon, where single nucleon knockout is the primary reaction mechanism, 
it is hoped that current FSI models can accurately predict the contribution of final-state- 
interactions. In turn, these can be used to subtract out the FSI contribution in observables 
that are sensitive to a variety of reaction mechanisms. In this way, the contribution of other 
reaction mechanisms (such as Meson Exchange Currents and Short Range Correlations) 
can be isolated.
Continuing work in this area is planned for the future. At TJNAF104 two experiments 
i°4 jJNAF stands for the Thomas Jefferson National Accelerator Facility,
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are directly relevant. Experiment 91-006105 will study nuclear medium effects with recoil 
polarimetry. It will measure the induced polarization at higher energies from a variety 
o f nuclei. There is hope that the onset of color transparency can be observed. Color 
transparency is a QCD effect that should be manifested at higher momentum transfers106. 
A possible signature for color transparency is the simultaneous weakening of observables 
sensitive to final state interactions. For example, the normal component o f the induced 
polarization , Pn, is sensitive only to final state interactions and can be substantial for 
complex nuclei. Its systematic weakening as a function of Q2 would be a significant 
indication of the onset of color transparency.
Experiment 89-033l07, scheduled for April of 1997, will be studying recoil polarization 
in the 160^e, e' p j  reaction. Many of the physics issues explored are the same as was 
for this experiment. Figure 5.9 shows the expected induced polarization result for the 
pi / 2  shell. Since both the p3 / 2  and pi / 2  shells are populated in oxygen, the comparison 
between the two spin states will further improve the understanding of FSI due to the spin- 
orbit force. Further, the experiment plans to significantly improve the statistical errors and 
recoil momentum range. If a polarized beam is available, a measurement o f the helicity 
dependent polarizations will also be possible. These polarization observables will make 
it possible to extract the ratio of the electric and magnetic form factors analogous to the 
analysis done for hydrogen and deuterium experiments except for a proton significantly 
bound within the nuclear medium. This would shed light on whether the nucleons are
the instituition formerly known as CEBAF (Continuous Electron Beam Acclearator Facility).
105 CEBAF Experiment 91-006 A. Saha spokesperson.
106 L.L. Frankfurt, M.I. Strikman, and M.B. Zhalov, Nucl. Phys., A515 (1990), 599.
107 CEBAF experiement Expt 89-033, C. Glashausser contact person.
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Figure 5.9: The anticipated result for the induced polarization for pi/2 shell knockout in 
l60^e, e' P^ j for CEBAF experiment 89-033.
significantly modified by being in a nuclear medium.
Also, a new polarimeter is near completion at the University of Mainz. There are a 
number of experiments that are scheduled there as well108. This new generation o f experi­
ments at TJNAF and Mainz will have a number of important improvements that will allow 
work in this area to be carried further.
•  A higher duty factor accelerator will vastly improve the signal to noise ratio for the 
experiments. This will allow for a cleaner extraction of good events and significantly 
reduce the amount of time required for the experiments.
•  A polarized beam will allow for more physics issues to be addressed. An interesting 
measurement that should be attempted with 89-033 is the measurement o f the proton 
form factors in the nuclear medium. There has been a long-standing controversy about 
the effect o f the nuclear medium on the nucleon that the measurement could clarify.
108 Exp. Nc: Al/2-93 Measurement of Polarized protons from Quasielastic Electron Scattering on l60 .
Exp. Nn:Al/3-93 Measurement ofE2/Ce contributions in N  —► A transition through the ( e , e! p  ) tt° reaction.
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• Higher resolution spectrometers that are well-mapped will be used. This will signifi­
cantly improve knowledge of spin precession effects.
• Out-of-plane spectroscopy in conjunction with recoil polarimetry can measure a num­
ber o f new response functions with differing sensitivity to reaction mechanisms. This 
is also necessary to carry out a full Super Rosenbluth separation of the response func­
tions. A spectrometer, such as the Short-Orbit-Spectrometer at TJNAF, which has out- 
of-plane capabilities should be instrumented with a focal plane polarimeter to access 
these observables.
• Finally, the author is hopeful that higher statistics will be attained in the future to bet­
ter discriminate between different models of the polarization. It is also necessary to 
look for unexpected effects from quark degrees o f freedom that no current models now 
address.
The end of this set of experiments only marks the beginning of experiments using recoil 
polarimetry. These next few years will be exciting times. Although there are some ideas 
about what can be learned, it is the unexpected results that will probably revolutionize our 
ideas of the way things are.
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MCEEP and Cosy Input Decks
A.1 MCEEP
A Typical MCEEP input deck for Carbon P3/2 shell
100000 
6,6,6,6,6,6
12..6..938.2796.28.0
579.0.0..0..285.67.120.29.757.9,-22.03,0.
10.0,-10.0,5.0,-5.0 
R,R, 142.6,97.7,140.,50.
5.08.1..2.5
200..25..25.
0.,0.46,1.6 
0 .,0.,0., 1.0,0 .
0.,0.,0. 
0.,0.,0.
T
MEPS_REL_EFF.DAT
T
OfflPS_REL_EFF.DAT
E,F, 0,-90
PF,3,-90
MAT, 1 ,F,NORM 160.TRPO 
OFF,K,2,9.6 
POL,90.,T 
T,C_DQ2Q1_2.DAT 
1
25.0.250 
0
3
P1D, 1,140.,280., 100,57.296,0.,0,31 ,c 12p_chi.top 
P1D, 1 ,,,50,1 .,0.,0,25,c 12p_pr.top 
P1 D,-5,„50,1 .,0.,0,25,c 12p_pn.top
12C(e, e'p)
Number of points to generate.
Number of iteration points.
A, Z, Mass, Binding energy.
Beam Parameters.
Electron/Proton Momentum bite. 
Electron/Proton arm acceptances.
Beam current, time, spectroscopic factor 
Singles Rate parameters (not used). 
Target Parameters.
Beam Polarization/Beam dimensions. 
Beam Polarization/Beam dimensions.
Check Electron Momentum Efficiency? 
Electron Efficiency Data File 
Check Proton Momentum Efficiency? 
Proton Effeciency Data File 
Electron Spectrometer Inputs (none) 
Proton Spectrometer Inputs 
2nd order TRANSPORT matrix 
Offset in 6 ^
Perform Spin Precession with COSY 
COSY Spin Map 
1 Global cut on for Carbon 
0 <  Prec < 250
Number of Histogram Specific Cuts 
Number of Histograms 
Chi Histogram 
Prec Histogram 
P„ Histogram
up to 10 lines o f Comments
162
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Appendix A: MCEEP and Cosy Input Decks 163
A Typical MCEEP input deck for Carbon Sx/2 shell
100000 
6,6,6,6,6,6
12..6..938.2796.28.0
579.0.0..0..285.67.120.29.757.9,-22.03,0.
10.0,-10.0,5.0,-5.0 
R,R, 142.6,97.7,140.,50.
5.08, l.,l.
200..25..25.
0.,0.46,1.6 
0 .,0.,0 ., 1.0,0 .
0.,0.,0. 
0.,0.,0.
T
MEPS_REL_EFF.DAT
T
OHIPS_REL_EFF.DAT
E,F,0,-90
P,F,3,-90
MAT, 1 ,F,NORM 160.TRPO 
OFF,K,2,9.6 
POL,90.,T 
T,C_DQ2Ql_2.DAT 
1
25.0.250 
0
3
P1D, 1,140.,280., 100,57.296,0.,0,31 ,c 12s_chi.top 
P ID, 1 ,,,50,1 .,0.,0,25,c 12s_pntop 
P lD,-5,„50,1 .,0.,0,25,c 12s_pn.top
12C(e, e'p)
Number o f points to generate.
Number of iteration points.
A, Z, Mass, Binding energy.
Beam Parameters.
Electron/Proton Momentum bite. 
Electron/Proton arm acceptances.
Beam current, time, spectroscopic factor 
Singles Rate parameters (not used). 
Target Parameters.
Beam Polarization/Beam dimensions. 
Beam Polarization/Beam dimensions.
Check Electron Momentum Efficiency? 
Electron Efficiency Data File 
Check Proton Momentum Efficiency? 
Proton Effeciency Data File 
Electron Spectrometer Inputs (none) 
Proton Spectrometer Inputs 
2nd order TRANSPORT matrix 
Offset in 9f oc
Perform Spin Precession with COSY 
COSY Spin Map 
1 Global cut on for Carbon 
0 <  Prec < 250
Number o f Histogram Specific Cuts 
Number of Histograms 
Chi Histogram 
Prec Histogram 
Pn Histogram
up to 10 lines of Comments
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MCEEP and Cosy Input Decks
A.2 COSY
A Typical COSY input deck for OHIPS Normal Mode
INCLUDE ’COSY’ ; Required for All input files
PROCEDURE RU N ; Required for All input files
OV 5 3 0 ; Order of Calculation
RPP 268. ; Kinetic Energy
RPS 1 0 ; Porform Spin Calculation
UM; Set Maps to Unity
FR 1; Apply Fringe Field Calculation
SB 0.005 0.025 0 0.0145 0.08 0 0 4.4 0 0 0 ; Beam Parameters
DL 1.6; Drift Space
TA 0.0 0.218 ; Quad Yaw
MQ 0.708 0.-0.550202 0.1524 ; Quadrupole
DL 0.1307; Drift Space
MQ 0.708 0.2137454 0.1524; Quadrupole
TA 0.0 -0.218 ; Quad Yaw
DL 0.513 ; Drift Space
DI 2.54 90.0 0.2025 0 0 0 0 ; Dipole
DL 1.626; Drift Space
PSM3 ; Print Spin Map
PT 4 ; Print Transport Map
ENDPROCEDURE; Required for All input files
RUN; Required for All input files
END; Required for All input files
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Appendix B 
Collaboration List
W illiam and M ary 
J. M Finn, co-spokesman 
C. F. Perdrisat
C. S. Armstrong M. Jones
J. I. McIntyre R. J. Woo
Old Dominion U.
P. E. Ulmer, co-spokesman 
L. B. Weinstein L. Qin
J. P. Chen 
V. Burkert
CEBAF
J. H. Mitchell
U. Virginia
R. W. Lourie 
D. H. Barkhuff B. D. Milbrath
MIT/Bates
W. Bertozzi 
J. Chang 
K. Dow 
S. Gilad 
S. Kowalski 
S.B. Soong 
C. Tschaler 
S. Van Verst
D. Dale 
G. Dodson 
M. Farkondeh 
K. Joo 
A. Sarty 
D. Tieger 
W. Turchinetz 
G. Warren
R. Madey
K ent State Cal. State, Los Angles 
M. B. Epstein D. Margaziotis
V. Punjabi
C. Vellidis
P. M. Rutt
Norfolk State
U. Athens
Rutgers
Arizona State U.
J. Comfort S. Dolfini
C. Mertz A. Young
U. M aryland 
J. J. Kelly P. Markowitz
U. Massachusetts 
R. Miskimen X. Jiang
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Appendix C 
LEA Input File
C .l Carbon P Shell
A Typical LEA Input File for the Carbon p3/2 Shell.
Distorted Spectral Function for l2c ( e ,  e' p j  at Tz =  265
'SPECTD'
'NO PRINT C' 'NO PRINT A' 'NO PRINT E' 'NO PLOT E' 'PLOT S' 
0U:11B1P3.PLT
6 12 0 
121 .1 0 . 
0.0
1
'11B1P3' 1. 1. 1 5. 11. 3-1 0.0 
1
'1P3' 1.0 'WS' 'SCALED'
0. 0. 1.35 0.65 25. 1.35 0.65 1.2 0.85
'(OMEGA,Q)' 'CC1' 'HELICITY' 'PML' /
'PLATCHKOV' 'DIPOLE'
'SIMON' 'SIMON'
579.4 298. 761.
38 10. 20.
180.
'EMA'
1.2 1.5
'ASYMPTOTIC'
/
IN:TEFFRINP
'MICRO'
'STRAIGHT' '2-POINT' 'MATCH' 'INNER' 'DISK' 'C' /
166
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Appendix C: LEA Input File 167
50 1 0 0.0001 
12. 0.1 8.5 
40 2 
40 0.1 
200 0.5 1.
0 0.0 0.0
TSfO PRINT F' 'PRINT R' 'NO PRINT Q' 'PRINT P' 'NO PRINT P'
TSIO BORN 1' 'FOLD' 'NO BORN 2' 'DWBA' 'NO PARTIAL'
'NO PLOT EL' 'NO PLOT B l' 'NO PLOT B2' 'NO PLOT U' 'NO PLOT DW'
'11B1P3'
1. 1. 1 5. 11. 3-1 0.0
OUiOPTEOUT
'END'
'SPECTD'
'NO PRINT C' 'NO PRINT A' 'NO PRINT E' 'NO PLOT E' 'PLOT S' 
OUrllBlSl.PLT
6 12 0 
121 .1 0 .
0.0
1
' 11B1S1' 1. 1. 1 5. 11. 1 +1 20.0
C.2 Carbon S Shell
A Typical LEA Input File for the Carbon S1 / 2  Shell.
Distorted Spectral Function for 12C at Tx =  265
'1S1' 1.0 'WS' 'SCALED'
0. 0. 1.35 0.65 25. 1.35 0.65 1.2 0.85
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LEA Input File
'(OMEGA,Q)' 'CC1' 'H ELIC nY  'PML' /
'PLATCHKOV' 'DIPOLE'
'SIMON' 'SIMON'
579.4 298. 761.
40 10. 0.
180.
'EMA'
1.2 1.5
'ASYMPTOTIC'
/
INrTEFFS.INP
'MICRO'
'STRAIGHT' '2-POINT' 'MATCH' 'INNER' 'DISK' 'C' /
50 1 0 0.0001 
12. 0.1 8.5 
40 2 
40 0.1 
200 0.5 1.
0 0.0 0.0
'NO PRINT F' 'PRINT R' 'NO PRINT Q' 'PRINT P' 'NO PRINT P'
TvTO BORN I' 'FOLD' 'NO BORN 2' 'DWBA' 'NO PARTIAL'
'NO PLOT EL' 'NO PLOT B l' 'NO PLOT B2' 'NO PLOT U' 'NO PLOT DW'
'11B1S1'
1. 1. 1 5. 11. 3-1 0.0
OU:OPTS.OUT
'END'
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Appendix D 
Data Event Structure
The Q analyzer writes data events to tape as an array of two byte integers (words). These 
data words are listed in this appendix. Not shown, is a header, preceding the data array, 
containing two words that specify the event type and the event length.
D.l Event 8
Word Number EVENT 8 Word Description
0 Event Type Bit Pattern
1 Trigger TDC Flag
2 OHIPS Pilot TDC
3 MEPS Pilot TDC
4 OHIPS Prescale TDC
5 MEPS Prescale TDC
6 Coincidence TDC
7 FPP Pass TDC
8 OHIPS Latch TDC #1
9 OR (OPS, CPS, FPP) TDC
10 MEPS Latch TDC #1
11 OR (MPS, CPS, FPP) TDC
12 OHIPS Latch TDC #3
13 OHIPS CAMAC Enable TDC
14 MEPS CAMAC Enable TDC
15 MEPS Latch TDC #3
16 Coincidence Prescale TDC
17 Hardware Blank TDC
18 Beam Position Monitor
19 OHIPS Delay Line TDC Flag
20-29 OHIPS Scintillator ADC’s
30-39 OHIPS Scintillator TDC’s
40-44 OHIPS Meantimer TDC’s
45 OR (OHCPS Back Scintillator) TDC
169
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Data Event Structure
Word Number EVENT 8 Word Description cont...
46-61 OHIPS Delay Line TDC
62 MEPS Scintillator ADC Flae
63-68 MEPS Scintillator ADC’s
69-78 MEPS Aerogel ADC’s
79 MEPS Aerogel Sum ADC
80-85 MEPS Scintillator TDC’s
86 MEPS SOAor SOB TDC
87-88 MEPS Meantimer TDC’s
89 Time of Flight TDC
90-98 MEPS Aerogel TDC’s minus MAT1
99 MEPS Aerogel Sum TDC
100 MEPS DCOS Flag
101-125 25 MEPS DCOS Words
126 FPP TDC Flag
127 MLU X-Plane TDC
128 MLU Y-Plane TDC
129 Data Ready XI TDC
130 Data Ready X2 TDC
131 Data Ready X5 TDC
132 Data Ready Y1 TDC
133 Data Ready Y2 TDC
134 Data Ready Y5 TDC
135 FPP PCOS Flag
136-181 46 PCOS Wire Chamber Words
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Appendix D: Data Event Structure
D.2 Event 4
W)rd Number EVENT 4 Word Description
0-5 MEPS Scintillators
6 MEPS SO Or
7-8 MEPS Meantimer’s
9 BT3
10 MEPS Pilot Upstairs
11 SCBL2
12-21 MEPS Aerogel’s
22 MEPS Aerogel Sum
23 Gun
24 Gun AND Computer Busy
25 Gun AND Computer Busy Helicity +
26 Gun AND Computer Busy Helicity -
27 Run AND Beam
28 Run AND Beam AND Computer Busy
29-38 OHIPS Scintillators
39-43 OHIPS Meantimers
44 OHIPS Back Plane Scintillator OR
45 Raw COIN
46 COIN Prescale
47 OHIPS Prescale
48 OHIPS Latch
49 COIN Prescale
50 MEPS Prescale
51 MEPS Latch
52 OHIPS Pilot
53 MEPS Pilot
54 Prompt Inhibit
55 COIN AND Helicity +
56 COIN AND Helicity-
57 Gated COIN AND Helicity +
58 Gated COIN AND Helicity -
59 PCOS El Start
60 MEPS DCOS Start
61 Gated COIN
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Data Event Structure
Word Number EVENT 4 Word Description cont...
62 Gated FPP Pass
63 Gated FPP Pass
64 Gated COIN Prescaler
65 Gated OHIPS Prescaler
66 Gated FPP Pass
67 Gated COIN Prescaler
68 Gated MEPS Prescaler
69 Gated OHIPS Latch
70 Gated MEPS Latch
71 Gated OHIPS Latch #2
72 Gated OHEPS CAMAC Enable
73 Gated MEPS CAMAC Enable
74 Gated MEPS Latch #2
75 Gated OR (OPS, CPS, FPP)
76 Gated OR (MPS, CPS, FPP)
77-92 OHIPS Delay Lines
93 Event 8
94 COINPASS
95 Data Ready XI Plane
96 Data Ready X2 Plane
97 Data Ready X3 Plane
98 Data Ready Y1 Plane
99 Data Ready Y2 Plane
100 Data Ready Y3 Plane
101 MLU X-PIane
102 MLU Y-Plane
103 PCOS MLU Pass
104 PCOS Multi-Hit
105 FPP PCOS Reset
106 MEPS DCOS Reset
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